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-  -  '’The  primary  objective  of  the  study  was  the  identification  of  the 
capabilities  and  behavioral  characteristics  of  animals  which  were  potentially 
useful  in  assisting  the  Coast  Guard  in  the  fulfillment  of  its  mission  , 

requirements  and  mission  performance.  Capabilities  are  identified  as  ;  ‘  a 

olfaction  (smell),  vision.jiound  ..echolocation ,  electromagnetism,^  chemoreception- 
yor  example,  the  use  of  dogs^olfactory  capabilities  to  detect  explosives, 

A  review  of  forecasts  made  for  the  Coast  Guard  were  used  as  a  background 
for  the  conduct  of  the  study.  Recommendations  are  made  for  a  Coast  Guard 
Program  to  pursue  research  and  development  of  promising  animal  system 
concepts,  j 
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EXECUTIVE  SUMMARY 


OBJECTIVES 

The  primary  objective  of  this  project  is  to  identify  potential  uses  of 
the  capabilities  of  animals  which  could  assist  the  Coast  Guard  in  the  fulfillment 
of  its  mission  requirements  and  mission  performance.  The  focus  Is  on  the  next 
five  to  twenty-five  years.  Also,  likely  uses,  legal  and  illegal,  of  animals 
by  others  with  whom  the  Coast  Guard  interacts  are  explored.  Finally,  recommenda¬ 
tions  are  made  for  a  Coast  Guard  program  to  pursue  research  and  development  of 
promising  animal  system  concepts. 

APPROACH 

A  summary  of  the  study  plan  is  shown  in  Figure  1.  Coast  Guard 
forecasts  were  reviewed  and  missions  analyzed.  Animal  capabilities  were 
investigated  by  a  review  of  the  research  literature  and  by  collecting 
information  on  past  and  current  uses  of  animals.  Then,  system  concepts  for 
use  of  animals  by  the  Coast  Guard  were  formulated  and  evaluated.  Likely 
uses,  legal  and  illegal,  of  animals  by  others  were  assessed.  Finally, 
recommendations  were  made  for  a  program  of  animal  system  development  projects 
and  further  investigations. 


Figure  1.  Summary  of  Study  Plan 


COAST  GUARD  FORECASTS 


The  review  of  forecasts  made  for  the  Coast  Guard  revealed  predictions 
of  steady  development  and  utilization  of  marine  resources.  The  likelihood  of 
extending  the  200  mile  fishing  control  area  to  all  economic  activities  was 
indicated.  Oil  and  gas  exploration  and  production  will  continue  to  dominate 
offshore  industrial  operations. 

Sea  trade  and  world  shipping  capacity  will  increase.  Traffic  congestion 
in  ports  and  port  approaches  will  be  worse.  The  diversity  of  ships  in  terms 
of  size  and  type  will  broaden.  More  hazardous  cargoes  will  be  carried. 

More  of  the  population  will  live  near  the  coast.  Likewise,  more 
industry  will  locate  there.  The  combination  of  these  factors  will  lead  to 
greater  exposure  to  and  consequences  cf  natural  and  man-made  disasters. 

Greater  use  will  be  made  of  the  marine  environment  for  recreation,  including 
underwater  activities. 

Terrorist  activities  may  be  directed  against  the  U.S.,  and  assets 
in  the  marine  environment  could  become  targets.  Smuggling  of  narcotics  and 
illegal  aliens  is  expected  to  grow. 

Development  of  the  marine  environment  will  cause  it  to  become  a 
reason  for  conflict.  Nations  will  declare  claims  on  assets  unilaterally  or 
reach  bi-  or  multilateral  agreements.  More  potential  is  seen  for  armed 
conflicts  because  of  political  instabilities  resulting  from  food,  energy, 
and  other  resource  scarcities. 


COAST  GUARD  MISSIONS 

The  impact  of  the  different  forecasts  on  each  Coast  Guard  mission 
was  subjectively  quantified  in  a  matrix.  Then,  selected  missions  were 
analyzed  and  the  following  conclusions  were  drawn. 
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Terrorism  Control 


In  general,  It  was  concluded  that  sensor  and  onboard  security  forces 
are  needed  to  control  the  terrorist  threats  to  some  high  value  offshore  assets. 
Area  surveillance  and  patrols  and  a  quick  response  force  also  would  be 
worthwhi le. 

It  would  be  relatively  easy  fot  terrorists  to  take  over  a  la.ge  ship 
with  hazardous  cargo  and  threaten  a  population  center.  Cruise  ships  also  are 
potential  terrorist  targets. 

Control  of  Smuggling 

Selecting  likely  smugglers  from  among  the  many  ships/boats  sighted 
is  a  significant  problem. 

Search  and  Rescue 

Analysis  of  SAR  statistics  indicated  the  possible  value  of  improving 
the  search  capabil i ty  of  Coast  Guard  boats.  Lack  of  an  effective  nighttime 
search  capability  also  was  revealed.  Underwater  recovery  of  submersibles 
may  be  a  future  role. 

Pol lution  Control 

The  Coast  Guard's  main  concerns  have  been  the  control  of  oil  spills 
and  the  detection  of  intentional  pumping  of  oily  wastes  from  ships.  In 
the  future,  the  Coast  Guard  may  have  more  responsibility  for  inspection  of 
oil  exploration  and  production  equipment  with  respect  to  pollution  control. 

The  detection,  plotting  the  extent  of,  and  controlling  the  effects  of 
accidents  with  other  hazardous  materials  also  will  gain  in  importance. 

Military  Operations 

Combat  search  and  rescue  is  a  natural  and  important  mission  for  the 
Coast  Guard.  SAR  resources  will  also  be  useful  in  cases  of  natural 
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disasters.  Defense  against  swimmer  attacks  and  protection  of  offshore  assets 
by  small  units  would  seem  to  be  natural  extensions  of  anticipated  peacetime 
missions.  It  would  also  be  valuable  if  the  Coast  Guard  had  the  capability 
to  detect  and  neutralize  mining  of  ports  and  port  approaches. 

PAST  AND  CURRENT  USES  OF  ANIMALS 

Mobility  and  sensory  capabilities  of  animals  have  been  exploited  often. 
The  earliest  use  of  pigeons  for  communication  dates  to  A500  B.C.  That  use 
has  continued  to  modern  times,  including  frequent  battlefield  use  of  pigeons  in 
World  War  I.  Animals  have  been  employed  in  sentry  roles  and  for  tracking 
people.  The  Israeli  is  and  British  have  body  searching  teams  which  employ 
dogs.  The  U.S.  Army  developed  a  system  in  which  dogs  searched  for  and  located 
land  mines.  The  U.S.  Navy  has  developed  systems  which  employ  sea  lions  and 
small  whales.  Fundamental  to  all  trained  animal  systems  are  the  learning  models 
of  operant  and  classical  conditioning. 

Currently,  there  are  several  federal  agencies  employing  dogs  for 
narcotics  and  explosives  detection.  Users  include  the  Federal  Aviation 
Administration,  U.S.  Customs  Service,  the  Armed  forces,  and  the  Secret  Service. 
Experimentation  is  underway  on  the  use  of  rats  or  gerbils  for  explosives 
detection. 

The  Coast  Guard  is  sponsoring  development  of  a  system,  called  Sea  Hunt, 
which  uses  pigeons  in  a  module  under  a  helicopter  or  aircraft  to  locate  people 
in  life  vests  or  rafts  in  the  water. 

ANIMAL  CAPABILITIES 

To  generalize  from  the  survey  of  animal  copabi 1 1  ties,  the  sensory 
qualities  most  useful  in  systems  and  the  types  of  animals  possessing  these 
qual i ties  are: 


Animat 


Sense 


•  Bacteria 

•  insects 

•  Fish  (including  sharks 
and  rays) 

•  Rodents 

•  Birds 

•  Dogs 

•  Pigs 

•  Marine  mammals 


Chemoreception 

Olfaction 

Olfaction,  vibration, 
electromagnetism 

Olfaction 

Vision  (day  and  night),  possibly 
olfaction 

Olfaction 

Olfaction 

Audition  and  echo location 


The  potential  use  of  the  sense  of  smell  Is  noteworthy.  It  is  a  sense  which  is 
highly  develope  and  used  by  many  animals  but  not  so  much  by  man.  Therefore, 
the  animals  contribute  something  unique.  Likewise,  echolocation  by  porpoises 
provides  a  special  search  capability.  While  man  makes  good  use  of  vision, 
some  birds  are  superior.  Owls  have  far  better  night  vision,  hawks  and  eagles 
have  greater  acuity,  and  pigeons  have  the  same  acuity  as  man  but  over  a  wider 
field  of  view.  Birds  are  also  more  attentive  than  man  to  search  tasks  over 
prolonged  periods. 

In  addition  to  the  special  sensory  capabilities  of  the  animals,  other 
qualities  can  be  utilized.  The  small  size  of  bacteria,  insects,  rodents,  and 
birds  makes  them  easily  transportable.  They  can  also  be  bred  rapidly.  The 
diving  and  mobility  of  marine  mammals  and  fish  can  be  exploited  as  well  as 
the  f l ight  o*  birds. 

SUGGESTED  USES  OF  ANIMALS  BY  THE  COAST  GUARD 

Technical  feasibility  and  effectiveness  of  the  Sea  Hunt  SAR  system  has  been 
demonstrated.  Introduction  of  Sea  Hunt  to  Coast  Guard  operational  units  is 
recommended. 

Approximately  fifty  ideas  were  generated  for  use  of  animals  in  Coast  Guard 
missions.  These  were  evaluated  according  to  criteria  selected  earlier  in  the 
study.  The  following  applications/projects  are  suggested  for  immediate  consider¬ 
ation  by  the  Coast  Guard. 
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•  A  bird  launched  from  Coast  Guard  boats  to  find  people  In  life  vests, 
rafts,  or  disabled  boats.  This  will  extend  the  visual  field  of  the 
searchers. 

e  A  night  version  of  the  Sea  Hunt  airborne  search  system.  The  system 
would  use  an  owl  in  the  module  instead  of  pigeons.  Owls  have  low 
intensity  vision  one  hundred  times  better  than  man. 
a  A  system  to  select  ships  which  may  be  smuggling  marijuana.  The  animal 
detects  the  odor  of  the  plant  In  the  air  samples.  Among  the  promising 
candidates  for  this  system  is  the  Northern  Fulmar,  a  bird  which  appears 
to  have  excellent  olfactory  capabilities, 
a  Onboard  inspection  of  ships  suspected  of  smuggling  drugs.  Dogs  could 
be  employed  and  there  also  is  potential  value  in  the  use  of  rats  or 
gerbi Is. 

a  A  security  system  to  protect  offshore  and  waterfront  facilities  and 
ships  from  intruders.  It  is  suggested  that  a  bird  with  good  night 
vision,  such  as  an  owl,  be  employed. 

a  Use  of  dogs  (or  another  olfactory  sensitive  animal)  to  inspect  cruise 
ship  passengers  for  explosives  (with  the  passengers  in  booths  separated 
from  the  animals).  Luggage  also  could  be  inspected, 
a  A  water  pollution  detection  system  utilizing  bioluminescent  bacteria, 
a  An  animal  svmbol  to  enhance  Coast  Guard  public  relations  and  promote 
specific  programs  (e.g.,  boating  safety).  Trained  animals  would  be 
used  for  public  and  media  appearances, 
a  Potential  use  of  Navy  animal  systems  by  the  Coast  Guard,  including 
underwater  object  recovery  systems. 

Recommendations  are  made  on  how  to  proceed  with  development  of  these  systems. 

POTENTIAL  USES  OF  ANIMALS  BY  OTHERS 

Other  government  agencies  will  continue  to  use  dogs.  The  olfactory 
capability  of  rodents  may  be  employed  in  explosives  detection  systems  if 
current  research  yields  positive  results.  The  Coast  Guard  Sea  Hunt  system 
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could  stimulate  interest  in  use  of  birds.  Navy  research  and  development  work 
with  marine  mammals  is  expected  to  continue.  A  bionic  sonar  system  will  be 
implemented.  Work  by  other  agencies  will  provide  a  technology  base  for  the 
Coast  Guard  to  develop  its  own  systems. 

Industry  is  not  expected  to  come  up  with  more  innovative  uses  of 
animals.  Animal  use  will  be  mainly  In  the  biomedical,  entertainment,  and 
security  fields. 

Until  law  enforcement  measures  become  much  more  effective  against  the 
current  operating  methods  of  terrorists  and  criminals,  they  will  not  make  use 
of  animals  to  achieve  their  goals. 

CONCLUSION 

There  are  potentially  valuable  uses  of  animals  by  the  Coast  Guard. 
Some  systems  should  be  considered  for  development  now.  The  worthiness  of 
future  applications  may  be  demonstruted  by  further  investigations. 
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1.0  INTRODUCTION 


1.1  BACKGROUND 

The  Coast  Guard  is  engaged  in  a  broad  program  of  futures  studies. 

Those  studies  are  aimed  at  providing  planners  and  decision  rakers  with 
projections  of  the  Coast  Guard's  operating  environment,  missions,  and  problems. 
Also,  there  are  efforts  to  identify  technologies  which  can  be  exploited  for 
Coast  Guard  systems  and  operations  in  the  future. 

One.  of  the  technologies  in  which  the  Coast  Guard  has  become  interested 

is  the  training  of  birds  (specifically  pigeons)  to  assist  in  search  operations. 

\ 

The  pigeons,  in  a  transparent  module  under  an  aircraft,  are. trained  to  peck 
a  response  key  when  they  see  objects  which  are  red,  orange,  or  yellow  (e.g. , 
life  vests  or  rafts)  on  the  water.  As  a  result  of  that  work  and  awareness 
that  throughout  history,  animals  have  been  used  in  many  ways  to  assist  man, 
the  Coast  Guard  sponsored  the  project  reported  here. 

1.2  OBJECTIVES  AND  SCOPE 

The  primary  objectives  of  the  investigation  are  to  identify  and 
determine  the  feasibility  and  the  potential  uses  of  the  capabilities  of  animal 
by  the  Coast  Guard.  Consideration  if  given  to  the  application  of 
information  obtained  in  scientific  research  on  animals  as  well  as  actual 
use  of  animals.  The  focus  is  on  the  next  five  to  twenty-five  years.  The 
project  staff  was  urged  to  be  creative  in  conceptualizing  possible  Coast 
Guard  uses  of  biological  phenomena. 

Also,  potential  uses  of  animals  by  others  with  whom  the  Coast  Guard 
interacts  are  explored.  Employment  of  the  animals  for  legal  or  illegal 
purposes  Is  considered.  The  Coast  Guard  wants  to  know  how  such  uses  might 
impact  Its  missions  and  what  responses  would  be  needed. 
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Finally,  recommendations  are  made  for  a  Coast  Guard  program  to 
pursue  research  and  development  of  the  more  highly  evaluated  system  concepts. 
Examination  and  possible  support  of  current  projects  being  conducted  by  others, 
the  undertaking  of  new  independent  efforts,  and  cooperative  ventures  with 
other  agencies  are  options  included  in  a  recommended  Coast  Guard  program. 

The  project  does  not  consider  biomedical  uses  of  animals.  In  other 
words,  use  of  animals  in  place  of  man  for  various  kinds  of  testing,  e.g., 
responses  to  mechanical,  chemical,  psychological  stresses,  are  not  within  the 
scope  of  this  study. 

1.3  OVERVIEW 

The  overall  study  plan  is  depicted  in  Figure  2.  The  work  initially 
took  two  parallel  paths.  One  was  to  project  activities  in  the  marine 
environment  and  Coast  Guard  missions.  The  other  was  to  learn  more  about  the 
capabilities  and  uses  of  animals.  Then  the  information  from  those  two 
lines  of  investigation  was  used  to  formulate  ways  in  which  animal  capabilities 
could  be  useful  to  the  Coast  Guard  in  the  future.  , 

One  train  of  tasks  involved  looking  at  the  Coast  Guard's  future. 

Several  forecasts  of  the  marine  environment  were  studied  and  synthesized 
(block  I).  The  information  obtained  from  that  work  is  summarized  in 
Section  2.0.  Analysis  of  future  Coast  Guard  roles  and  missions  (block  2) 
in  the  projected  environment  are  presented  in  Section  3.0.  Much  of  the 
data  which  went  into  those  analyses  were  gleaned  from  discussions  with 
personnel  at  Coast  Guard  Headquarters  in  Washington  and  at  three  district 
headquarters. 

The  animal-or iented  study  effort  involved  the  following  tasks. 

The  whole  spectrum  of  animal  utilization  categories  was  Identified  (block  3 
of  Figure  2).  Criteria  and  factors  for  crjnsi deration  of  specific  uses  also 
were  discussed.  That  information  is  presented  in  Section  7.0. 


MS  SSI  ON  FORECASTING 


Figure  2.  Overall  Study  Plan 


Groups  of  animals  on  which  to  obtain  capabilities  data  were  selected 
from  standard  biological  taxonomies  (block  4).  The  types  of  capabilities 
and  behavioral  characteristics  on  which  information  was  required  were 
identified  (block  5).  Then  the  literature  (primarily  in  sensory  physiology) 
was  reviewed  to  extract  and  summarize  the  information  (block  6).  The  results 
of  the  animal  capabilities  survey  are  presented  in  Section  4.0  and  the 
appendix. 

This  history  of  uses  of  animals  by  man  was  reviewed  with  emphasis  on 
recent  applications  (block  7) •  That  information  appears  in  Section  5.0. 
Several  government  agencies  were  visited  and  discussions  held  regarding  their 
current  uses  of  animals.  Information  on  current  research  and  development 
was  obtained  (block  8).  Those  data  are  in  Section  6.0. 

The  information  from  both  lines  of  investigation  was  utilized  to 
formulate  a  number  of  animal  system  concepts  covering  a  broad  range  of 
Coast  Guard  missions  (block  9).  The  concepts  are  in  Section  8.0,  Information 
and  thoughts  on  how  others  who  interact  with  the  Coast  Guard  may  use  animals 
(block  10)  are  presented  in  Section  9.0.  Evaluations  of  the  Coast  Guard 
system  concepts  (block  11)  and  impacts  on  the  Coast  Guard  of  animal  uses  by 
others  (block  12)  are  given  in  part  in  Sections  8.0  and  9.0.  Additional 
thoughts  on  the  systems  and  uses  by  others  also  are  included  in  Section  10.0 
on  recommendations  for  a  Coast  Guard  program  on  animal  systems  (block  II). 
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2.0  REVIEW  OF  FORECASTS 


2 . 1  APPROACH 

2.1.1  Information  Sources 

In  order  to  conceive  of  potential  uses  of  animals  by  the  Coast  Guard 
in  the  future,  it  was  necessary  to  get  a  picture  of  what  that  future  might 
look  like  to  the  Coast  Guard.  In  other  words,  what  developments  can  be 
expected  to  occur  in  the  world,  nation,  and  marine  environment  which  would 
influence  the  Coast  Guard's  missions  and  problems  in  performing  those  missions? 
The  Coast  Guard  has  invested  in  forecasting  projects  and  the  results  of  those 
efforts  were  made  available  to  the  staff  of  this  project.  Four  documents 
were  reviewed  and  analyzed. 

•  Commandant  Instruction  5000. 2B,  Commandant's  Long  Range 
View,  18  July  1977 

•  Commandant  Instruction  16014.1,  Commandant's  Long  Range 
View,  22  August  1979 

•  Emerging  Environments,  Roles  and  Activities  for  the  U.S. 

Coast  Guard  to  2000  A.D.  by  Charles  W.  Williams,  Inc., 

May,  1977 

•  Coast  Guard  Forecasts  by  Forecasting  International,  Ltd., 

March  17.  1977 

All  of  those  documents  dealt  with  the  time  period  up  to  about  the  year  2000. 

The  Long-Range  View  is  a  Coast  Guard  policy  document  which  provides 
guidance  to  Coast  Guard  planning  staffs.  While  there  were  differences  in 
emphasis,  no  basic  inconsistencies  were  found  between  the  two  editions 
reviewed.  The  1979  edition  is  a  much  briefer,  more  general  document.  The 
forecast  statements  in  the  Long-Range  View  draw  heavily  on  the  last  two 
documents  listed. 


The  Charles  Williams  forecast  was  developed  by  successively 
generating  descriptions  of  international  and  national  trends,  marine 
environment  trends,  government  roles  for  governing  the  use  of  the  marine 
environment,  the  Coast  Guard  roles  and  activities.  The  probabilities  of 
forecasted  events  were  not  estimated.  Rather,  the  forecasts  included 
"a  set  of  self-consistent  developments,  all  of  which  we  believe  will  occur 
during  the  forecast  period.  The  variations,  in  our  view,  will  be  more  a 
matter  of  intensity  and  timing  rather  than  occurrence." 

Forecasting  International,  Ltd.,  generated  three  scenarios  >  /  the 
future  marine  environment: 

e  Surprise-free  scenario 

e  High  impact/low  probability  scenario 

e  High  probabi I i ty/low  Impact  scenario 

The  surprise-free  scenario  incorporated  the  major  trends  and  high  probability/ 
high  impact  (on  the  Coast  Guard)  events.  The  other  two  scenarios  could 
potentially  modify  the  surprise-free  scenario.  Several  matrices  and  tables 
were  presented  with  quantitative  subjective  estimates  of  probabilities, 
impacts,  sub-objective  weights,  etc. 

2.1.2  Extraction  and  Synthesis  of  information 

The  following  approach  was  taken  to  extract  the  relevant  information 
from  the  forecast  documents  and  summarize  it  in  a  way  which  would  be  useful 
for  subsequent  stages  of  this  project.  Each  of  the  documents  was  studied. 
Next,  the  list  of  topics  in  Table  1  and  treated  under  subsections  2.2  - 
2.7  below  was  prepared.  That  list  provided  the  basis  for  organizing 
the  information.  Statements  relevant  to  this  project,  related  to  each 
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of  those  topics  were  extracted  from  the  documents.  Then  the  narrative 
summaries  presented  below  were  prepared.  In  most  cases  these  summaries 
either  use  language  similar  to  that  in  the  source  documents  or  are  direct 
quotes. 


The  contents  of  sections  2.2  to  2.7  below  represent  a  distillation 
of  the  forecasts.  Footnotes  are  used  to  indicate  events  or  developments 
since  the  forecasts  were  prepared  which  would  modify  the  forecasts. 


2.2  OFFSHORE  ACTIVITIES 

There  will  be  a  steady  development  and  utilization  of  marine  resources 
within  and  even  beyond  the  200  mile  limit.  This  will  lead  to  a  broadening 
of  the  200  mile  zone  from  fisheries  conservation  to  cover  additional 
economic  and  strategic  Interests.  Oil  and  gas  exploration  will  continue 
to  dominate  offshore  industrial  operations.  However,  multiple  uses  of  the 
sea  will  lead  to  competition  and  some  form  of  sea  zoning. 

Environmentalists  may  influence  the  location  of  offshore  facilities 
and  onshore  support  facilities.  While  there  is  a  low  probability  of  floating 
cities,  there  is  a  moderate  likelihood  of  inhabited,  permanent  undersea 
Installations.  The  Coast  Guard,  state,  and  loco)  authorities  will  negotiate 
over  responsibilities  and  jurisdictions  for  control  of  offshore  facilities. 

Offshore  enforcement  will  see  the  largest  relative  growth  of  any 
operational  Coast  Guard  program.  Such  enforcement  covers  the  criminal 
activities  treated  under  2.5  below  as  well  as  economic  developments  discussed 
here. 


2.2.1  Exploration  of  Fossil  Fuel  Deposits 

Substantial  quantities  of  oil  and  gas  will  be  found  under  the  sea. 
Offshore  oil  and  gas  development  will  receive  growing  national  priority  and 
continue  to  grow  for  at  least  the  remainder  of  the  century.  Drilling  rigs, 
platforms,  deep  water  ports,  and  other  offshore  facilities  will  proliferate. 
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One  forecaster  predicted  fourteen  Atlantic  Outer  Continental  Shelf 
drilling  platforms  with  240  oil  and  gas  wells  and  seven  platforms  with  120 
producing  wells  In  the  Gulf  of  Alaska  by  198$.  By  the  year  2000,  between 
and  2700  platforms  were  predicted  on  the  Outer  Continental  Shelf  of  the 
Gulf  of  Mexico,  California,  and  the  Atlantic  Coast. 

By  1985  drilling  technology  will  allow  operations  at  depths  exceeding 

* 

1,200  feet.  Development  of  petroleum  resources  in  deeper  and  icy  waters 
will  shift  to  subsea  completion  systems  in  combination  with  tethered  buoyant 
production  facilities. 

National  policy  for  management  of  oil  and  gas  on  the  Outer  Continental 
Sielf  will  be  updated.  As  oil  deposits  are  discovered  in  waters  of  contested 
sovereignty,  international  conflicts  may  arise  which  are  far  more  acrimonious 
than  conflicts  over  fishing  rights.  As  most  rigs,  platforms,  and  wells  will 
be  within  Coast  Guard  jurisdiction,  it  may  be  necessary  for  the  Coast  Guard 
to  formulate  new  reputations  regarding  safety,  fire  warning,  security,  etc. 

The  Coast  Guard  may  be  required  to  provide  assistance  in  several  capacities. 

2.2.2  Construction  of  Nuclear  Power  Plants 

There  will  be  a  few  nucK.ar  power  plants  located  offshore.  At  least 
one  or  two  floating  exper ii le.ital  plants  will  he  under  construction  by  the 
mid  80's.  Possibly  fifteen  will  be  operational  by  the  year  2000.  Development 
of  offshore  plants  will  oe  spurred  in  part  by  fears  of  the  safety  of  land- 
based  nuclear  generators. 


Current  technology  allows  drilling  at  depths  well  in  excess  of  that  value. 
Exploratory  drilling  h<.s  been  conducted  at  depths  to  12,000  feet.  Production 
at  depths  greater  than  u,000  feet  probably  will  not  be  performed  regularly 
for  10  or  15  years  or  with  current  technology  until  oil  costs  exceed  $60 
per  barrel.  See  discussion  later  on  offshore  assets.  Reference  Ocean 
Industry,  January,  1979. 

A  A 

The  Three  Mile  Island  accident  has  inhibited  the  development  of  land  based 
nuclear  plants.  However,  no  surge  in  interest  in  offshore  plants  has  been 
observed,  furthermore,  the  environmental  and  human  safety  hazards  associated 
with  offshore  nuclear  facilities  may  not  be  much  less  than  those  associated 
with  shore  based  plants. 
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2.2.3  Development  of  Ocean  Energy  Resources 


This  category  refers  to  the  extraction  of  energy  stored  in  the  ocean, 
above  (In  the  form  of  wind)  and  the  solar  energy  impinging  upon  it. 
Although  they  will  not  provide  a  significant  percentage  of  the  nation's 
energy  needs,  there  will  be  at  least  some  experimental  and  demonstration 
models  of  ocean  energy  extraction  systems  over  the  next  twenty  years.  Energy 
may  be  extracted  from  or  by: 

A 

e  Ocean  thermal  energy  conversion  (OTEC) 
e  Wave  energy 

•  Windmills 

•  Solar  energy  collector  grid 

•  Tidal  movement 

•  Ocean  currents 

„  ** 

•  Kelp  farms 

2.2.1»  Seabed  Mineral  Extraction 

Ini tial ly,  ocean  mining  will  involve  gathering  ore  nodules  (especially 
manganese)  from  the  ocean  floor.  Ocean  mining  will  emerge  at  a  slowly 
increasing  level.  More  mineral  deposits  will  be  located  under  the  sea  floor. 
New  technologies  of  discovering  and  extracting  seabed  resources  including 
oil,  sulphur,  gold,  phosphates,  copper,  nickel,  cobalt,  manganese,  and  other 
minerals  will  be  developed.  There  are  still  legal  and  jurisdictional 
problems  concerning  seabed  mineral  extraction. 


iV 

A  pilot  OTEC  facility  has  been  operating  successfully  off  the  coast  of 
Hawaii  for  about  a  year.  Futher  OTEC  development  is  planned. 

'ik'it 

Growing  algae  and  converting  it  to  methane  by  anaerobic  digestion  could 
also  be  used  to  extract  solar  energy  in  ocean  areas.  A  method  of  growing 
kelp  on  a  grid  in  the  open  ocean  using  nutrients  from  upwelled  water  is 
being  tried  out  experimentally. 


2.2.5  Development  of  Offshore  Industries 

Offshore  Industrie!  and  energy  conversion  plantr  will  be  built.  Plants 
may  be  built  for  processing  materials  such  as  oil  and  high  grade  ores  from 
foreign  sources  already  traversing  the  seas.  Some  of  these  plants  may  utilize 
energy  extracted  from  the  ocean.  Other  processing  plants  may  involve 
agriculture  or  chemical  industries.  New  technologies  will  be  developed  for 
extracting  magnesium  and  bromine  from  sea  water. 

2.2.6  Control  and  Management  of  Fisheries 

There  will  be  a  higher  priority  given  to  obtaining  food  from  the  sea. 

The  U.S.  fishing  fleet  will  grow  as  will  the  overall  worldwide  fishing 
industry.  Floating  factories  and  processing  plants  will  be  Incorporated  into 
the  U.S.  fleet.  New  fishing  areas  will  be  developed  including  more  extensive 
development  of  fisheries  in  the  Southern  hemisphere.  Gradually  the  fishing 
industry  will  shift  from  a  hunting  industry  to  more  cultivation  and 
harvesting  of  stocks. 

More  research  will  be  devoted  to  obtaining  food  from  the  seas.  Coast 
Guard  vessels  may  help  other  agencies  conduct  acoustic  surveys  of  fish.  Capabil¬ 
ities  will  improve  for  monitoring  fish  populations  and  determining  what 
levels  result  in  overfishing.  This  will  create  requirements  for  allocating 
catches  among  national  flags  as  well  as  individual  vessels.  Foreign  fishing 
vessels  may  be  required  to  carry  a  "black  box"  or  transponder  for  positive 
identification  and  location. 

2.2.7  Development  of  Ocean  Agriculture 

Technological  advances  will  lead  to  greater  food  production  from 
marine  sources.  Mariculture  (of  fish  and  shellfish)  will  increase.  There 
may  be  some  ventures  offshore  as  well  as  along  the  coast.  Inland  fishing 
and  mariculture  will  continue  to  develop.  Marine  plants  may  be  cultivated 
as  a  source  of  protein,  fuel  and  drugs  (See  2.2.3  above).  This  technology 
will  proliferate  rapidly. 
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2.2.8  Construction  of  Pipelines 

Pipelines  may  be  used  to  connect  offshore  energy  producing  facilities 
with  the  shore.*  Deepwater  ports  and  onshore  storage  points  or  processing 
plants  will  be  joined  with  pipelines.  There  may  be  ocean-crossing,  ocean- 
bottom  pipelines.  There  may  also  be  a  few  vehicular  tunnels  on  or  under 
the  seabed. 

2.2.9  Construction  of  Deepwater  Ports 

Two  deepwater  ports  will  be  operational  in  1980.  More  offshore  deep¬ 
water  ports  will  be  developed.  Initially  such  ports  will  be  built  for  fuel 
transfer  from  large  tankers. 


2.3  SHIPPING 

Seabed  trade  and  world  shipping  capacity  will  increase.  Increased 
traffic  and  decreasing  maneuverability  of  some  ships  will  increase  congestion  In 
ports  and  entries  to  ports.  Therefore,  coastal,  channel,  and  harbor  pilotage 
requirements  will  become  more  complex.  Traffic  control  systems  will  be  needed. 

More  hazardous  cargoes  will  be  carried.  There  will  be  a  greater  need 
to  prevent  pollution  incidents.  As  traffic  congestion  and  control  problems 
increase  there  will  be  a  rise  in  search  and  rescue  activities.  The  increasing 
volume  of  surface  and  air  traffic  and  the  criticality  of  knowing  submarine 
locations  will  increase  the  necessity  for  comprehensive  surveillance  systems. 

2. 3 . 1  Amount  of  Traffic 

The  number  of  ships  will  increase  some  but  not  as  much  as  the  increase 
in  tonnage  of  goods  transported.  The  increased  shipping  capacity  will  partially 


In  the  discussion  of  offshore  energy  production  there  is  little  attention  given 
to  how  the  energy  would  be  transported  to  shore.  Underwater  cables  are  not 
discussed. 
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be  the  result  of  faster  ships  and  more  rapid  turn  around.  Traffic  density  in 
U.S.  ports  will  increase  significantly  due  to  overall  projected  economic 
growth;  there  will  not  be  a  shift  in  the  proportion  of  marine  transportation 
in  the  overall  economy. 

2.3.2  Variety  of  Ships 

In  general,  the  diversity  of  ships  in  terms  of  size  and  type  will 
broaden.  There  will  be  an  increasing  number  of  larger  ships  over  the  next 
twenty  years.  The  bulk  of  imported  oil  will  be  carried  by  ships  over  150,000 
DWT.  Five  hundred  thousand  DWT  ships  will  be  widely  used.  There  nay  be 
a  one  million  DWT  tanker.  The  first  shallow-draft  supertanker  will  be  built. 
Dry  ore  carriers  in  the  200-250,000  DWT  class  will  become  common.  Larger, 
faster  ships  with  reduced  port  turn  around  time  and  maintenance  will  help 
absorb  increased  tonnage.  On  the  other  hand,  the  portion  of  the  U.S.  merchant 
fleet  between  5  and  100  net  tons  will  increase  20%  to  62,000  vessels  by  1985. 

The  second  phase  of  nuclear  merchant  shipping  will  be  entered.  Within 
twenty  years,  20%  of  commercial  ocean  shipping  may  be  nuclear  powered. 

The  variety  of  specialized  vessels  will  continue  to  grow  as  wi I i 
size  and  diversity  of  cargoes.  Specialized  vessels  will  include  LNG  tankers. 
There  may  be  air-cushioned  freighters  with  chemical  or  nuclear  power  for  ocean 
going  cargo  transport.  Sea-going  multi-barge  systems  will  be  in  use. 
Hovercraft  will  be  in  common  use  as  commercial  passenger  and  automobile 
ferries  in  many  U.S.  metropolitan  areas. 

Underwater  mining  submarines  and  cargo  carriers  will  be  introduced, 
possibly  showing  significant  growth  In  usage  during  the  1990's.  By  1984  it  is 
probable  that  one  commercial  cargo  submarine  in  the  10,000  ton  class  will  be 
operating.  (Previous  forecasts  of  commercial  submarines  did  not  materialize.) 
Commercial  deep  diving  submersibles  will  be  in  use.  Military  cargo  submarines 
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may  be  developed  because  of  the  tenuous  position  of  ocean  surface  transport 
for  massive  I  sties  support.  ',',  ,  '  •  ■ 

2.3.3  Ports  and  Waterways  Development  1 

''  Traffic' density  in  U.S,  ports  wi 1 1  increase  significantly.  Foreign 
commerce  wil 1  account  for  kS%  of  total  waterborne  commerce  In  U.S.  ports. 

Most  of  the  growth  In  domestic  traffic  will  be  between  seaports  and  river 
ports.  As  more  s<nal ler  specialized  vessels  are  used  the  number  of  U.S.  ports 
handling  international  traffic  will  grow.  This  will  increase  inland  waterways 
traffic.  As  the  U.S.  exports  more  coal  there  will  be  a  greater  amount  of 
tra^ffc  on  the  Mississippi,  Gulf  of  Mexico,  and  the  Great  Lakes.  Inland 
waterways  may  be  used  as  highspeed  marine  highways  by  large  numbers  of 
commercial  hovercraft. 

Problems  of  traffic  control  will  increase  substantially  in  domestic 
waterways,  coastal  ports,  coastal  waterways  and  in  setlanes.  The  greater 
traffic  density,  sensitivity  to  pollution  potential  and  maneuvering  room 
requirements  of  larger  vessels  will  requi re  restriction  of  access  in  many 
port  areas.  Greater  use  will  be  made  of  traffic  lanes. 

The  approach  to  marine  traffic  management  will  still  be  to  provide 
waterways  and  signs.  Only  when  they  are  inadequate  will  guidance  and 
control  be  substituted.  Improvements  in  e  1  • . .  t ron i c  technologies  may  reduce 
the  need  for  audio-visual  aids  (buoys,  lights,  daymarks,  fog  signals).  Vessel 
Traffic  Services  will  be  required  in  more  ports  and  the  degree  of  their 
sophist Jcation  wi 1 1  grow.  Participation  will  be  compulsory.  "Al rport- 1 i ke" 
traffic  control  systems  will  be  available.  By  the  year  2000  vessel  traffic 
control  will  be  implemented  within  the  200-mile  economic  zone. 

Trends  in  ship  automation,  specialized  vessels,  containerization, 
intermodal  capabilities,  and  deep  water  ports  will  bring  about  major  modifi¬ 
cations  of  existing  ports  In  addition,  some  new  inland  ports  will  be 
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developed.  There  will  be  more  pressure  to  assure  open  navigability  of  all 
important  waterways  year  round  including  the  Great  Lakes-St.  Lawrence  Seaway 
all  the  way  to  the  sea  and  the  upper  reaches  of  the  Mississippi. 

2.3.**  Shipping  of  Hazardous  Materials 

Prevention,  containment,  dispersal,  and  elimination  of  ship-generated 
oil  pollution  will  be  the  central  concern  of  marine  pollution  control  until 
about  1985-90.  Improvements  in  fingerprinting  oil  spills  will  reduce  the 
incidence  of  deliberate  dumping.  An  effective,  harmless  technique  will  be 
developed  to  control  accidental  oil  spills  that  are  not  controllable  by 
today's  techniques. 

More  types  and  increasing  volumes  of  hazardous  cargoes  wf 1 1  be 
transported.  There  will  be  an  increase  in  the  number  of  accidents.  The 
definition  of  hazardous  cargoes  will  expand  in  terms  of  new  chemical  combinations, 
new  dangers  associated  with  greater  quantities  of  traditional  cargo,  new 
additions  to  pollution  risk  items,  and  new  discoveries  of  potential  danger 
previously  unknown  or  at  least  not  acted  upon. 

Safe  transportation  requirements  are  in  part  dependent  on  the  knowledge 
of  the  pollution  burden  that  the  environment  can  sustain.  New  concepts  for 
"safe"  and  "hazardous"  cargoes  will  emerge.  Some  products  (e.g.  dynamite)  are 
short  term  hazards.  Others  have  a  slower,  more  Insidious  effect.  The  need 
for  sophisticated  environmental  monitoring  devices  and  techniques  will 
increase.  The  entire  field  of  commodity  transportation  will  be  subject  to 
restrictive  revisions. 

Specialized  vessels  will  be  built  for  the  carriage  of  hazardous 

materials  such  as  liquid  natural  gas  (ING).  For  each  offshore  nuclear  plant 
built,  approximately  30  metric  tons  of  fresh  and  30  metric  tons  of  spent 
nuclear  fuel  and  several  hundred  drums  of  solid  radioactive  wastes  will  have 
to  be  transport  jnnually. 
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The  Coast  Guard  will  be  viewed  as  the  agency  with  total  responsibility 
in  resolving  problems  of  public  safety  in  marine  transport  of  hazardous 
materials.  Coast  Guard  regulation  of  hazardous  commodities  will  increase 
then  stabilize  as  national  policy  develops. 

2.3.5s  Use  of  Containerized  Cargoes 

Employment  of  multimodal  cargo  containers  will  increase  dramatically 
over  the  next  ten  years.  Because  they  are  sealed,  inspection  technology 
especially  as  related  to  dangerous  cargo  or  illegal  contraband  must  be 
improved. 

2.3*6  Automation  of  Ships 

There  will  be  more  automation  of  ships.  By  l 985  it  is  likely  that 
80$  of  the  new  ships  greater  than  2000  Gross  Registered  Tons  will  be  built 
with  centralized  engine  room  control  requiring  only  a  minimum  crew.  By  the 
year  2000,  totally  automated  ocean  shipping  may  be  economically  feasible.  Use 
of  automation  will  reduce  crew  size  substantially  but  introduce  new  require¬ 
ments  for  relieving  emergency  situations  in  the  event  of  equipment  failure. 

There  will  be  more  technological  advances  in  communications  and 
navigation  systems.  More  sea  and  air  vehicles  will  be  required  to  be 
equipped  with  long-range  identifying  equipment.  Selected  vessels  will  be 
required  to  employ  more  sophisticated  navigation  systems  which  will  be 
integrated  with  surveillance  and  traffic  control  systems. 

% 

2.3.7  Automation/Mechanization  of  Cargo  Handling 

Automated  cargo  handling  facilities  will  by  installed  in  all  major 
U.S.  ports.  This  development,  plus  the  increase  in  containerization,  will 
introduce  new  requirements  regarding  inspection  and  control  over  goods  flowing 
into  and  out  of  the  U.S. 
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2.4 


COASTAL  AND  INLAND  WATERWAYS  ACTIVITIES 


Controversies  over  development  and  exploitation  of  marine  resources 
and  aesthetic  and  recreational  uses  of  water  and  shorelines  will  grow.  Issues 
regarding  "states'  rights"  in  inland  seas  and  waterways  will  arise  as  water¬ 
ways  are  more  highly  developed.  The  concept  of  sea  zoning  will  begin  to  be 
applied.  Among  the  "zones"  will  be  oil  fields,  marine  mines,  mariculture, 
fishing,  recreation*  industrial  plant  use  and  transportation  lanes.  By  the 
year  2000-  permanent  undersea  installations  may  be  inhabited. 


2.4.1 


By  1985  nearly  60$  of  the  population  will  live  within  5C  miles  of  the 
coast.  There  will  be  a  population  increase  of  20-25%  in  that  area  through 
1990.  Houseboats  doubling  as  living  and  recreational  units  will  be  constructed 
around  marinas  like  trailer  parks.  Several  thousand  units  will  be  in  use  by 
the  early  1980' s;  there  could  be  millions  by  2000.  Floating  cities  will  not 
be  a  factor  in  this  century.  However,  there  may  be  a  few  very  smal l"Floating 
Communities"  of  up  to  several  hundred  families. 


2-4.2  Location  of  Industry 


the  Water 


New  plants  will  continue  to  be  located  on  waterside  sites.  (In  the 
first  quarter  of  1976,  260  new  plants  were  so  located;  92  were  chemical 
plants.) 


Fresh  water  as  a  commodity  will  become  an  increasingly  important 
issue  in  densely  populated  urban  areas,  cultivated  irrigation  areas,  and 
more  arid  regions.  Desalinization  technologies  will  be  developed  abroad 
at  a  rapid  rate  throughout  the  early  and  mid  1980's.  These  will  be 
selectively  imported.  There  will  be  limited  use  of  sea  water  as  a  source 
of  fresh  water  for  some  metropolitan  areas  of  the  coastal  states.  Some 
combinations  of  nuclear  power  plants  and  desalinization  complexes  are 
likely  on  the  West  and  possibly  East  Coasts. 


Sea  islands  could  be  buiit  for  special  purposes  such  as  airports. 
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2.4.3  On-Water  Recreational  Activities 

More  leisure  time  and  greater  affluence  will  lead  to  more  recreational 
use  of  the  marine  environment.  Ocean/coastal  zone  recreation  expenditures 
are  expected  to  reach  a  level  of  6.5  billion  dollars  by  1985,  a  50%  increase 
over  1973  levels.  A  strong  rate  of  growth  In  recreational  boating  is  expected. 
There  may  be  over  l 1 .5  million  boats  In  the  U.S.  in  1985.  By  1990  there  will 
be, 30  million  boat  operators,  16  million  boats,  and  6  billion  boating  hours. 
Emphasis  will  shift  from  power  to  sail  boats. 

An  increase  of  6%  per  year  is  expected  in  search  and  rescue  responses 
over  a  base  of  20,000  as  of  1 977 *  Long  term  emphasis  will  switch  from  search 
to  rescue  as  mean  search  time  is  reduced  by  various  means.  Coast  Guard 
boating  safety  efforts  will  shift  from  on-water  efforts  to  administration 
and  standardization.  The  need  to  save  lives  will  require  a  limited  emergency 
medical  capability. 

2.4.4  Air  Activity  (Recreational /Bus  I  ness) 

Air  traffic  passing  over  coastal  zones  will  increase.  Small,  privately 
owned  hovercraft  or  vertical  take-off  and  landing  vehicles  are  expected  to 
begin  emerging  and  show  a  substantial  number  by  1990. 

2.4.5  Underwater  Recreational  Activities 


The  U.S.  may  have  underwater  parks.  These  coula  include  observation 

A 

ports,  restaurants,  promenades,  monorails,  and  submarine  tourist  vessels, 
individually  owned  submersibles  for  recreational  and  economic  use  are  pro¬ 
jected  to  emerge  rapidly  during  the  1980's.  Some  forecasters  expect  a  form 
of  aqua-lung  permitting  longer  term  underwater  activities  by  individual 
divers  to  depths  of  200  meters.  Underwater  search  and  rescue  may  become 
necessary . 

^Current  underwater  parks  in  the  Virgin  Islands,  Florida  Keys,  and  on  Oahu, 
Hawaii  do  not  have  any  underwater  facilities  or  equipment  except  sign  posts. 
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2.4.6  Exposures  to  Disasters 


By  1990  various  trends  such  as  increased  maritime  traffic,  greater 
cargo  capacity  of  ships,  transport  of  hazardous  materials,  and  increased 
population  in  coastal  areas  will  have  combined  to  require  a  reappraisal  of 
the  national  emergency  response  posture,  A  much  higher  degree  of  anticipatory 
analysis  and  planning  will  be  required.  The  Coast  Guard  will  continue  to  main¬ 
tain  a  capability  to  provide  disaster  relief  and  may  become  involved  in  crisis 
relocation  of  population. 

2.5  CRIMINAL  THREATS 

The  Coast  Guard  can  anticipate  increased  responsibility  in  dealing 
with  terrorism  and  sabotage  to  ports,  waterways,  and  offshore  assets.  The 
Coast  Guard  will  have  to  deal  with  boat  hijackings,  acts  of  piracy,  possession 
of  firearms,  and  smuggling. 


2.5.1  Tendency  Toward  Terrorism 


As  the  economic  use  of  the  marine  environment  grows  there  will  be 
increasing  evidence  of  terrorist  activities  against  assets  in  that  environment. 
Ships  as  well  as  ports  may  become  targets.  There  will  be  an  increase  in 
piracy.  The  facilities  of  multinational  corporations  may  become  targets. 
Terrorism  may  be  employed  by  some  third  world  groups. 


Terrorist  groups  will  have  a  variety  of  weapons  available  including 
chemical,  biological  and  radioactive  weapons.  Nations  or  terrorist  groups 
employing  stolen  nuclear  materials  may  resort  to  nuclear  blackmail  or 
terrorism.  By  1 985  nuclear  weapons  could  be  sufficiently  miniaturized  for 
use  by  paramilitary  groups. 


2.5*2  Trends  in  Theft 

There  were  no  statements  In  the  forecasts  regarding  possible  changes 
In  theft  of  products  from  shore  facilities  (piers,  warehouses,  etc.). 

Increased  maritime  commerce  will  present  more  opportunities  for  dockside  thefts. 
However,  containerization  may  make  it  more  difficult.  Thefts  and  hijackings 
of  boats  may  increase  to  provide  vehicles  for  smuggling  operations. 
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2.5.3  Trends  in  Smugglin 


Traffic  in  illegal  aliens,  narcotics,  and  contraband  will  grow.  The 
Coast  Guard  will  be  more  involved  in  interdiction  and  suppression  of  drug 
traffic.  1 

Growth  is  seen  in  the  volume  (  and  possibly  the  variety)  of  inter¬ 
national  narcotics.  The  flow  of  illegal  drugs  entering  the  U.S.,  particularly 
from  sources  in  Central  and  South  America,  can  be  expected  to  increase  by 
TS%  over  1975  levels.  Since  marijuana  will  be  decriminalized  for  possession 
of  small  quantities  in  many  states,  this  may  increase  demand. 


The  number  of  illegal  aliens  entering  the  U.S.  will  be  three  times 
1975  levels.  Control  of  illegal  immigration  via  the  sea  will  become  an 
increasingly  difficult  problem. 

2  .6  INTERNATIONAL  RELATIONS  AND  CONFLICTS 

Development  of  the  marine  environment  will  cause  it  to  become  a 
reason  for  conflict. 

2.6.1  Rights  to  Ocean  Resources 

The  third  Law  of  the  Sea  (LOS)  conference  will  not  resolve  issues 
of  economic  development  of  the  ocean.  The  general  pattern  will  be  for 
nations  to  declare  claims  on  assets  unilaterally  or  reach  bi-  or  multi¬ 
lateral  agreements.  In  time  a  LOS  treaty  will  be  struck  giving  each 
nation  exclusive  economic  rights  within  the  200  mile  zone.  The  Coast 
Guard  will  be  the  U.S.  enforcement  agency.  If  economic  advantages  accrue 
or  threats  seem  more  controllable,  nations'  claims  to  ocean  areas  will 
accelerate  and  extend  selectively  beyond  the  200  mile  limit. 

2.6.2  Cooperation 

Conflicting  claims  will  give  rise  to  a  joint  organization  charged 
with  surveillance  of  sensitive  areas.  This  will  follow  the  pattern  of  the 
International  Ice  Patrol  and  North  Sea  Fisheries  Patrol.  Establishment  of 
international  quality  standards  (air  and  water)  is  possible  before  1990. 


2.6.3  Mi 1 i tary  Threats 

More  potential  is  seen  for  armed  conflicts  because  of  political 
instabilities  resulting  from  food,  energy,  and  other  resource  scarcities. 

A  major  military  confrontation  could  take  place  between  the  U.S.  and  Cuba. 

Given  foreseeable  failure  of  the  international  community  to  develop  agree¬ 
ments  satisfactory  to  more  radical  nations,  harassment  and  inconveniencing 
of  maritime  commerce  will  occur  in  some  coastal  areas.  Strong  international 
sentiments  will  continue  for  rights  of  innocent  passage.  However,  some 
"passage  fees"  may  be  attempted. 

The  oceans  are  changing  from  a  protective  moat  to  a  concealment  for 
strategic  nuclear  attacks.  In  a  war,  more  encounters  will  take  place  between 
weapon  systems  at  sea  and  land  targets  than  between  at-sea  opponents. 

The  N<'  y's  ability  to  protect  sea  lanes  and  coastal  waters  will  be  a 
fundamental  security  issue.  The  Coast  Guard  will  be  capable  of  performing 
military  m \  ions  in  deep  ocean  and  coastal  zones.  There  are  conflicting 
trends  re.  ve  to  Coast  Guard  integration  of  peacetime  roles  with  the 

military  a r  ;oast  Guard  ability  to  define  and  maintain  wartime  operational 

readiness.  Means  will  be  sought  to  increase  the  complementarity  and  inte¬ 
gration  of  Coa  .  Guard  roles,  missions,  and  equipment  with  marine  defense 
systems. 

2  .7  GEOGRAPHIC  REGIONS  OF  NEW  OR  INCREASED  ACTIVITIES 

Although  there  will  be  increased  economic  activity  in  all  regions  of 
interest  to  the  Coast  Guard,  the  following  two  are  distinguished  by  location, 
size,  and  climatic  characteristics. 

2.7.1  Trust  Territories  of  the  Pacific  Islands 

The  political  situation  will  remain  unsettled  for  about  ten  years. 

It  is  assumed  that  the  Northern  Marianas  will  become  a  commonwealth.  The  Trust 
Territories  of  the  Pacific  Islands  will  propose  their  own  200  mile  limit.  This 
will  give  Micronesia  sovereignty  over  a  huge  area  of  the  Pacific.  The  Coast 
Guard  will  be  asked  to  give  patrol  and  law  enforcement  services. 


2.7.2  Polar  and  Northern  Waters 


Exploitation  of  natural  gas  and  petroleum  resources  on  the  north  slope 
and  offshore  will  generate  expanded  commerce  In  northern  waters  adjacent  to 
Alaska  and  Canada.  Commerce  will  expand  in  the  ice- laden  waters  of  the 
Arctic  and  AntaVctic.  Resource  exploitation  will  have  the  potential  for 
upsetting  the  ecological  balance  in  those  areas. 

Increased  traffic,  the  larger  economic  impacts  of  disruption,  and 
varying  climatic  conditions  will  make  ice-breaking  and  other  responsibilities 
for  keeping  ports  open  a  much  higher  priority.  Present  facilities  are  grossly 
inadequate.  Exploration  of  polar  areas  will  be  a  significant  area  for  U.S. 
research.  Many  cooperative  programs  in  the  scientific  arena  will  require 
support  of  Coast  Guard  polar  ice-breakers. 

There  may  be  commercial  exploitation  of  Antarctica  before  the  treaty 
is  open  for  renegotiation  in  the  1980's. 

Polar  warfare  is  possible  if  the  "wet  water"  ocean  becomes  transparent 
to  strategic  missile  submarines,  driving  them  under  the  ice  canopy. 


Underwater  search  and  rescue  in  polar  regions  may  be  necessary. 
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3.0  ANALYSIS  OF  FUTURE  COAST  GUARD  MISSIONS 

The  forecasts  summarized  in  the  previous  section  give  a  general 
picture  of  activities  In  the  marine  environment  over  the  next  twenty-five 
years.  In  this  section  selected  aspects  of  the  future  marine  environment 
and  Coast  Guard  missions  are  described  and  analyzed.  This  will  provide  a 
better  foundation  for  formulating  biologically  based  system  concepts  for 
possible  development  by  the  Coast  Guard. 

First,  a  set  of  Coast  Guard  roles  and  missions  were  defined.  Then 
a  group  judgment  process,  described  later,  was  used  to  identify  those  fore¬ 
cast  topics  which  would  have  the  greatest  impact  on  future  Coast  Guard  missions. 
Topics  of  particular  interest  in  this  study  were  selected  for  further  investi¬ 
gation.  Finally,  the  selected  forecast  topics  and  the  Coast  Guard  operations 
impacted  by  those  forecasted  marine  activities  were  analyzed. 

3.1  COAST  GUARD  ROLES  AND  MISSIONS 

Coast  Guard  roles  and  missions  are  categorized  and  defined  below. 

This  particular  categorization  scheme  was  chosen  because  of  its  potential 
usefulness  in  this  study.  For  that  reason  the  planning,  specification,  and 
regulation  functions  (in  which  it  seemed  inappropriate  to  have  animals 
participate)  were  left  out  of  the  definitions  of  the  missions.  For  purposes 
of  conciseness  and  brevity,  phrases  rather  than  complete  sentences  are  used 
sometimes  to  define  the  mission, 

3.1.1  Traffic  Flow  Facilitation  and  Control 

Performance  of  this  role  will  fulfill  the  Coast  Guard  Objective  B  - 
"To  facilitate  waterborne  activity  in  support  of  national  economic,  scientific, 
defense,  and  social  needs."  Other  objectives  relating  to  safety  and  environ¬ 
mental  protection  will  be  supported. 
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3. 1.1.1  Traffic  Control .  Real  time  directing  and  control  of  traffic 
to  facilitate  movement  of  shipping  and  prevent  collisions  or  groundings. 
Enforcing  traffic  rules  also  is  included. 

j. 1.1.2  Aiding  Navigation.  Deployment,  operation,  and  upkeep  of 
navigation  aids  to  assist  vessels  in  knowing  their  locations,  plotting  their 
courses,  following  traffic  control  directions,  and  avoiding  hazards. 

3- 1.1.3  Ice  Operations.  Forecasting,  monitoring,  warning  of, 
and  breaking  ice. 

3.1.2  Safety  and  Emergency  Operations 

The  Coast  Guard  has  an  important  and  traditional  role  in  preventing 
and  responding  to  maritime  accidents.  This  role  specifically  supports  the 
Coast  Guard's  primary  objectives  -  "To  minimize  loss  of  life,  personal 
injury,  and  property  damage  on,  over,  and  under  the  high  seas  and  waters 
subject  to  United  States  jurisdiction." 

3. 1.2.1  Inspections.  Conduct  of  inspections  to  insure  that  vessels 
are  structurally  sound,  that  safety  regulations  are  being  followed,  and  that 
hazardous  conditions  which  could  cause  an  emergency  do  not  exist  on  ships 

or  waterfront  facilities. 

3. 1.2.2  Surface  Search  and  Rescue.  All  Coast  Guard  activities 
relating  to  finding  and  rescuing  people  in  the  water  or  lifeboat/rafts. 

The  mission  includes  finding  and  rescuing  people  in  boats/ships  with  which 
communications  have  been  lost.  This  mission  is  distinguished  from  the  fourth 
mission  which  does  not  require  search. 

3. 1.2. 3  Underwater  Rescue.  Finding  and  rescuing  people  believed  to 
be  alive  but  stranded  or  in  distress  in  underwater  diving  equipment,  sub- 
mersibles,  or  habitats.  Search  also  is  an  important  aspect  of  this  mission. 
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3. 1.2. 4  Aiding  Vessels/Structures  in  Distress.  Aiding  vessels , 
platforms,  or  waterfront  structures  on  fire,  breaking  up,  foundering,  dead 
In  the  water,  or  otherwise  in  jeopardy. 

3.1.3  Underwater  Investigation  and  Recovery 

This  role  relates  to  ana  is  a  potential  follow-up  to  several  other 
missions.  The  role  includes  finding,  examining,  and  possibly  recovering 
vessels,  bodies,  equipment  or  other  objects  from  underwater.  Performance 
of  this  role  might  follow  the  sinking  of  a  vessel,  the  accidental  or 
intentional  disposal  of  a  package,  e.g.,  to  conceal  criminal  activity,  or 
failure  of  underwater  equipment. 

3. 1.3*1  Vessel/Structure  Inspection.  Inspection  of  sunken  vessels 
to  investigate  causes  of  accidents,  extent  of  damage  or  contents.  Examination 
of  platforms,  pipelines,  or  bottom  mounted  equipment  to  determine  condition. 
Could  include  work  to  facilitate  raising  to  the  surface. 

3. 1.3- 2  Body  Search  and  Recovery.  Finding  and  recovering  bodies  of 
divers,  swimmers,  victims  of  waterfront,  shipping,  boating,  aircraft  or 
undersea  vehicle  or  habitat  accidents. 

3. 1.3. 3  Package/Equipment  Recovery.  Finding  and  recovery  of  equip¬ 
ment  lost  or  intentionally  dropped  into  the  water  and  sunk. 

3.1.4  Law  Enforcement  and  Security 

The  Coast  Guard  has  an  Important  role  in  protecting  people,  vessels, 
structures,  property,  equipment,  and  natural  resources  from  criminal  activities. 
The  areas  of  concern  are  the  maritime  environment,  coastal  areas,  ports,  and 
inland  waterways  of  the  United  States.  This  role  supports  Coast  Guard 
Objective  D,  the  safety  and  security  objective. 


3. 1.4.1  Smuggl  Ing  Control ,  Interdiction  of  smuggled  Illegal  or 
controlled  items  into  or  out  of  the  United  States  Including:  illegal  aliens, 
narcotics,  arms,  nuclear  material,  etc. 

3 . 1 .4.2  Theft  Control.  Dealing  with  piracy,  hijacking  of  vessels, 
stealing  materials  from  shcra  facilities,  and  poaching  in  fisheries,  aqua¬ 
culture,  or  ocean  floor  mineral  deposits. 

3 . 1 . A . 3  Terrorism  Control .  Deterrence,  detection,  and  response  to 
terrorist  activities  in  the  marine  environment.  Those  activities  may  be  in 
the  form  of  destruction  of  assets  and  taking  lives,  holding  personnel,  vessels 
or  property  as  hostages  to  negot’ate  for  demands,  interference  with  operations, 
or  sabotage. 

3. \.k. k  Regulating  Use  of  Marine  Resources.  Controlling  authorized 
operations  to  insure  that  legal  bounds  are  not  exceeded.  For  example,  the 
size  of  the  catch  of  certain  fish  may  be  regulated  and  the  Coast  Guard  may  be 
requested  to  help  enforce  that  regulation. 

3.1.5  Envi ronroenta I  Protection 

The  Coast  Guard  has  a  major  role  in  implementing  the  country's  policy 
of  protecting  the  marine  environment. 

3. 1.5. 1  Monitoring  and  Surveillance.  Determining  when  and  where  a 
pollution  incident  has  occurred,  its  nature  and  magnitude.  For  the  most  part 
the  Coast  Guard  will  be  concerned  with  discrete  incidents,  such  as  a  spill, 
rather  than  a  gradual  build-up  of  pollutants. 

3. 1.5.2  Incident  Control .  Control  of  spills,  leaks,  and  incidents 
to  minimize  the  effects  on  the  environment. 
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3. 1.5. 3  Investigation.  Finding  out  who  was  responsible  for  the 
occurrence  of  an  environmental  Incident.  The  causes  of  the  Incident  as  well 
as  the  sources  of  pollutants  must  be  determined  not  only  to  assign  responsi¬ 
bility,  but  to  determine  ways  of  preventing  problems. 

3.1.6  Military  Operations 

The  Coast  Guard  performs  military  duties  as  a  specialized  service  in 
the  Navy  in  times  of  war  or  during  peacetime  in  case  of  natural  disaster  or 
domestic  emergency.  The  missions  listed  below  were  chosen  as  potentially 
assignable  to  the  Coast  Guard  because  they  involve  areas  in  which  the  Coast 
Guard  normally  operates. 

3. 1.6.1  Defense  Against  Swimmer  Attack.  An  enemy  may  covertly 
transport  swimmers  or  swimmer  delivery  vehicles  to  the  vicinity  of  U.S. 
ports  where  they  could  enter  and  attack  ships  and  port  facilities.  The 
mission  is  detection  and  neutralization  of  such  threats. 

3. 1.6. 2  Protection  Against  Landings.  Interdiction  of  agents, 
commandoes,  or  special  force  units  attempting  to  land  on  the  shore  of 
the  U.S.  The  mission  could  also  be  conducted  in  support  of  an  ally. 

3. 1.6. 3  Protection  of  Offshore  Assets.  Defense  of  offshore  energy, 
fishing,  industrial,  mineral  or  military  facilities. 

3. 1.6. 4  Mine  Countermeasures.  Detection,  marking  and  clearance  of 
mines  planted  in  offshore  waters,  ports,  or  inland  waterways. 

3. 1.6. 5  Ocean  Surveillance.  Maintaining  surveillance  of  U.S.  Coastal 
areas  (surface,  undersea,  and  air  space). 

3. 1.6. 6  Explosives  Loading/Unloading  Supervision.  Assuring  the 
safe  transfer  of  ordnance  from  one  transport  mode  to  another  and  in  and  out 
of  storage  at  ports. 
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3. 1.6. 7  Natural  Disaster  and  Domestic  Emergency  Operations.  Relief 
services  to  communities  on  or  near  coastlines  or  waterways  in  case  of  disaster 
caused  by  hurricanes,  floods,  earthquakes,  tsunamis,  or  explosions.  Includes 
providing  supplies,  supporting  evacuation,  warning  populations,  search  and 
rescue,  body  searches,  etc. 

3.1.7  Support 

Performance  of  these  missions  enables  the  Coast  Guard  to  conduct  its 
operational  and  regulatory  missions.  Only  the  support  missions  which  may  have 
a  bearing  on  this  study  are  included  (e.g.,  legal,  financial,  etc.,  are 
excl uded) . 


3. 1-7-1  Commun i cat i ons .  Provisions  of  communications  to  support  all 
Coast  Guard  missions  including  potential  new  underwater  missions.  The 
communication  system  also  supports  the  needs  of  the  maritime  community, 
especially  in  distress  freqency  bands  and  maritime  mobile  calling  bands. 

3. 1.7. 2  Intelligence  and  Security.  Obtaining  and  evaluating  infor¬ 
mation  to  support  primary  missions  of  the  Coast  Guard.  Prevention  and 
investigation  of  theft,  pilferage  and  destruction  of  Coast  Guard  assets  by 
personnel  within  the  service.  (External  threats  are  covered  under  Law 
Enforcement  and  Security.)  Protection  of  classified  material. 

3. 1.7. 3  Mai ntenance.  Keeping  Coast  Guard  ships,  aircraft,  land 
vehicles,  equipment,  and  facilities  in  condition  to  perform  primary  missions. 

3.1.7.**  Science  Support.  Providing  logistics  and  vehicular  support 
to  scientific  expeditions.  Collecting  data  in  support  of  scientific  studies. 

3. 1.7. 5  Publ ic  Relations.  The  nature  of  several  Coast  Guard  missions 
requires  that  a  variety  of  publics  (e.g.  boaters,  fisherman,  shipping  companies, 

etc.)  be  aware  of,  understand  and  respond  to  Service  regulatory,  humanitarian, 

■I  l 

and  jnforcement  programs.  This  mission  endeavors  to  promote  such  public  relations. 
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3. 1-7. 6  International  Relations.  Promoting  good  relations  with  other 
countries  and  supporting  U.S.  policy  with  those  countries.  Training  of 
foreign  personnel,  demonstration  of  U.S.  Coast  Guard  techniques  and  equipment, 
and  participating  in  cooperative  programs  with  other  countries. 

3.2  INFLUENCE  OF  FORECASTS  ON  COAST  GUARD  MISSIONS 

A  set  of  judgments  was  obtained  and  utilized  to  help  focus  analyses 

I 

on  those  Coast  Guard  missions ^which  would  be  most  impacted  by  predicted 
changes  in  maritime  activities.  The  data  collection,  analysis  procedures, 
and  the  results  are  described  below. 

3.2.1  Data  Collection  and  Analysis  Procedures 

A  matrix  of  900  cells  was  prepared  by  listing  the  forecast  topics 
from  Section  2.0  down  the  sides  as  row  titles  and  writing  the  missions 
defined  in  Section  3-1  across  the  top  as  column  headings.  A  group  of  nine 
people  were  asked  to  rate  the  impact  of  each  forecast  on  each  mission. 

Seven  of  the  judges  were  R  &  D  personnel  from  Coast  Guard  Headquarters, 
one  judge  was  the  project  manager  from  the  Naval  Ocean  Systems  Center, 
and  another  was  the  lead  author  of  this  report. 

I 

A  rating  scale  from  1  to  5  was  used.  A  rating  of  5  meant  that  the 
forecast  for  a  particular  topic  would  significantly  increase  or  change  the 
nature  of  Coast  Guard  operations  with  respect  to  the  specific,  mission  considered. 
A  rating  of  1  indicated  a  reduction  negligible  change  in  Coast  Guard 
operations.  1 

Each  judge's  ratings  were  normalized  to  correct  for  the  diffiftf.'jicrt  ' 
rating  tendencies  (such  as  leniency)  of  the  judges.  Then  the  normalized 
ratings  were  averaged  across  judges  and  the  averages  converted  back  to  the 
original  rating  scale  values.  The  resulting  scale  values  are  shown  in 
Figure  3- 


To  make  the  figure  easier  to  interpret,  the  scale  values  then  were 
divided  into  four  groups  and  coded  as  shown  in  Table  1  below. 
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Table  1  .  Coding  of  Matrix. 


Ceil  Scale 
Values 

%  of 
Cells 

Code 

Meaning 

0  -  1.7 

212 

Blank 

Negligible  impact  of  fore¬ 
cast  oh  mission  or  decrease 
in  mission  demands 

1.8  -  2.5 

452 

Dots 

2.6  -'3.1 

212 

Stripes 

.  1 

' 

3.2  -  5.0 

132 

Black 

High  impact 

of  forecast  on 

mi ss ion . 


3.2.2  General  Assessment  of  Forecast-Mission  Relationships 

By  looking  at  the  pattern  of  codings  in  Figure  4,  one  can  identify 
general  groupings  (numbered  by  areas  in  Figure  5)  of  forecasts  and  missions 
which  are  either  highly  related  or  relatively  unrelated  to  each  other.  Figures 
4  and  5  were  studied  in  great  detail  and  used  to  stimulate  ideas  for  the 
system  concepts  presented  later  in  this  report.  The  darkly  outlined  shaded 
areas  in  Figure  5  are  high  impact  areas;  the  unshaded  outlined  areas  indicated 
low  impact  of  the  forecasts  on  the  missions.  Both  within  and  outside  of  those 
relatively  broad  areas  are  individual  mission/forecast  relationships  which 
are  important  (e.g.,  forecasts  A1-9  relations  to  mission  Cl). 

Let  us  look  first  at  those  areas  coded  predominantly  black  and 
striped.  It  can  be  seen  that  the  Coast  Guard's  role  of  facilitating  the 
flow  of  traffic  by  means  of  traffic  control  and  use.  of  navigation  aids  will 

be  seriously  affected  by  predicted  increases  in  offshore  activities,  ship- 

\ 

ing,  and  some  trends  along  waterways  (region  1-  in  Figure  5).  Some  of  the 
safety  and  emergency  operations  are  also  heavily  influenced  by  the  same  fore¬ 
casts  (region  2).  Vessels  and  port  inspections  and  aiding  vesse’ s/structures 
in  distress  are  missions  which  will  be  most  affected.  It  is  predicted  that 
the  surface  search  and  rescue  mission  will  he  impacted  greatly  by  increases 
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ROLES  AND  MISSIONS 


Figure  5-  General  Areas  of  High  and  Low  Impacts  of  Forecasts  on  Missions 


in  the  amount  and  variety  of  shipping  and  recreational  boating(2). 

Developments  in  "new  regions,"  especially  polar  and  northern  waters,  also 
will  add  to  Coast  Guard  traffic  flow  facilitation  and  safety  and  emergency 
operations  responsibilities  (3). 

Demands  on  the  law  enforcement  missions  will  be  increased  selectively 
by  most  of  the  forecasts  (4).  Predicted  changes  in  the  amount  and  nature  of 
shipping  and  selected  offshore  activities  will  have  a  heavy  impact  on  the 
environmental  protection  missions  (5).  Those  missions  also  will  be  affected 
by  the  forecasts  of  international  relations  and  activities  in  new  regions  (6). 

Military  operations  will  be  affected  selectively  by  the  increase  in 
offshore  activities  (7).  Increases  in  shipping  will  impact  other  military 
and  some  support  operations  (8).  Some  criminal  threats  and  predictions  of 
changes  in  international  relations  will  affect  military  operations  and 
support  missions  (9).  Support  requirements  will  also  be  increased  by 
developments  in  "new  regions"  (10). 

There  are  several  areas  on  the  figure,  predominantly  dotted  and 
blank,  in  which  forecasted  trends  will  have  little  influence  on  certain 
Coast  Guard  roles.  Projected  criminal  threats  and  trends  in  international 
relations  will  have  little  influence  on  traffic  flow  and  emergency  operations 
mi ssions ( 1 1 ) .  With  few  exceptions  (some  need  for  sunken  vessel/structure 
inspection),  the  forecasts  do  not  place  much  demand  on  the  Coast  Guard  for 
underwater  investigation  and  recovery  operations  (12).  However,  it  should 
be  noted  that  other  missions,  e.g.,  terrorism  control,  might  benefit  from 
underwater  operations  capabilities.  Environmental  protection  mission  require¬ 
ments  are  not  augmented  much  by  the  way  ships  and  cargoes  will  be  handled, 
by  development  of  waterways  (with  the  exception  of  increased  Industrial 
activity)  or  forecasted  increases  in  criminal  threats  (13).  Military  operations 
are  not  affected  by  ship  and  cargo  handling  or  by  development  of  the 
waterways  OM. 


Selected  forecast  topics  and  Coast  Guard  missions  are  analyzed  in  Sections 
3 - 3“ 3*10.  They  were  chosen  for  greater  depth  of  analysis  for  the  following  reasons 

•  Their  importance  as  indicated  by  the  analysis  of  the  matrix 

•  Potential  promise  of  biological  systems  to  aid  in  mission 
performance 

•  The  need  for  more  detailed  information  than  is  provided  by  the 
matrix  in  order  to  formulate  viable  system  concepts. 

3.3  TERRORISM  THREAT  TO  OFFSHORE  ASSETS 

It  has  been  predicted  that  terrorism  will  be  employed  by 
alienated  groups  within  and  outside  the  U.S.  The  development  of  valuable 
economic  assets  offshore  is  providing  many  new  targets  for  terrorists. 

However,  the  attractiveness  of  those  targets  relative  to  urban,  onshore 
industrial,  or  aircraft  targets  is  questionable.  For  some  years  terrorists 
will  find  a  greater  selection  of  diversified  targets  in  high  population  and 
industrial  areas  on  shore.  On  the  other  hand,  some  offshore  assets  may  be 
targeted  because  of  political  significance,  ownership,  or  value  or  to  achieve 
a  special  effect. 

Three  types  of  terrorist  activities  need  to  be  considered: 

•  Taking  over  and  holding  an  asset  for  ransom 

•  Damaging  or  destroying  an  asset  without  prior  warning 

•  Damaging  or  destroying  the  target  with  advanced  notice 
given  (possibly  after  an  explosive  has  been  set,  but  not 

yf't  u..ionaT«r*  . 

The  distinction  among  these  activities  is  important  because  they  require 
somewhat  different  responses  on  the  part  of  the  Coast  Guard.  Deterrence, 
detection,  and  interception  of  r? ■  threat  may  be  considered  for  use  against 
all  three  activities.  Once  a  aset  has  been  taken  over  by  terrorists 
and  is  being  held  to  negotiate  for  demands,  different  responses  are  required 
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e.g. ,  a  rapid  deployable  strike  force  or  SWAT  team.  If  a  bomb  threat  is 
received,  above  and  underwater  search  capability  may  be  required.  Likewise, 
if  a  bomb  has  destroyed  or  damaged  a  marine  asset,  an  underwater  investigative 
capability  may  be  required. 

Keeping  the  points  discussed  above  in  mind,  each  of  the  major  types  of 
offshore  assets  will  be  described  as  potential  targets  of  terrorist  attack. 

3.3*1  Fossil  Fuel  Exploration  and  Production  Facilities 

3.3*1* 1  Description  of  Assets.  The  development  of  offshore  oil  and 
gas  exploration  and  production  facilities  will  provide  several  types  of  targets 
for  terrorists.  Of  those  targets,  the  most  obvious  are  the  drilling  rigs. 

U.S.  well  drilling  facilities  can  be  divided  into  five  basic  categories  of 
rigs,  one  a  fixed  installation  while  the  rest  are  mobile.  The  fixed  plat¬ 
form  represents  the  overwhelming  majority  of  offshore  well  structures  in 
the  U.S.  to  date.  They  are  used  both  for  drilling  and  the  production  phase 
of  a  well.  By  1990  a  maximum  depth  of  1500  feet  is  expected  for  fixed  plat¬ 
forms.  ^ 


The  four  mobile  types  of  their  expected  numbers  in  U.S.  waters  in 
1980  are: 

•  Submersible  rig  (23) 

•  Drillship  or  drillbarge  (19) 

•  Semi-submersible  rig  (28) 

•  Jack-up  rig  (115) 

Of  these,  over  156  will  be  operating  in  the  Gulf  of  Mexico.  While  primarily 
Intended  for  drilling,  mobile  rigs  are  often  used  for  initial  production 
to  establish  early  cash  flow  from  a  well.  A  typical  mobile  rig  may  be 
greater  than  300  feet  on  each  side  with  a  derrick  about  140  feet  tall. 

The  mean  water  performance  depth  of  these  rigs  vary  from  56  f  st  for  sub¬ 
mersible  and  210  feet  for  jack-up  rigs  to  over  100  feet  for  semi-submersible 
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rigs  and  1400  feet  for  drill  ships.  As  mentioned  previously,  exploratory 

drilling  has  been  performed  at  depths  over  12,000  feet.  However,  it  is 

estimated  that  the  bulk  of  the  drilling  during  the  next  10  years  will  be  in 

2 

water  depths  of  600  feet  or  less  for  economic  reasons. 

When  oil  or  gas  -  or  both  -  are  found  in  commercially  significant 
quantities,  preparations  are  made  to  change  the  platform  from  drilling  to 
production  operations.  This  involves  drill  hole  preparations,  installation 
of  safety  devices  and  the  installation  of  the  wellhead  assembly  ("Christmas 
tree")  which  is  a  series  of  valves,  controls  and  connections  designed  to 
regulate  the  flow  of  fluids  from  the  well.  More  elaborate  subsea  systems 
can  receive  gas  and/or  oil  from  individual  wells,  commingle  it  and  deliver 
it  to  a  surface  facility.  Once  the  production  equipment  is  installed,  the 
mobile  drilling  platform  may  be  removed  and  nothing  left  showing  on  the 
surface  (depending  upon  the  shipment  method).  The  average  depth  for  the 
subsea  completion  in  U.S.  waters  Is  about  147  feet.^  Some  100  producing 
areas  are  off  the  Southern  California  Coast  and  in  the  Gulf  of  Mexico. 


Pipelines  are  generally  used  to  transport  oil  or  gas  to  onshore 
facilities  for  processing  or  transhipment  to  refineries.  These  pipelines 
are  weighted  and,  by  government  regulations,  buried  in  the  seabed,  where 
water  depth  is  200  feet  or  less.  Pipelines  begin  at  crude  oil  or  natural 
gas  producing  fields,  where  there  may  be  one  or  more  wells  (one  to  thirty  or 
more)  or  production  platforms.  Production  from  several  completion  systems 
is  often  collected  by  small  gathering  lines  and  moved  ashore  In  a  single 
stream  through  a  larger  mainline.  In  general,  the  pipelines  consist  of 
long  sections  of  high-quality  steel  pipe,  from  two  inches  to  several  feet 
in  diameter,  welded  together  In  one  continuous  string.  Pressure  pumps  and 
compressors  are  placed  along  the  line  at  appropriate  distances  to  maintain 
a  constant  flow.  In  addition,  valves,  regulators,  and  other  specialized 
devices  control  the  stream  and  pressure  in  the  line,  or  shut  it  down  com¬ 
pletely  If  required. 


in  the  mid-i970's  the  world's  depth  record  for  offshore  pipeline  was 
held  by  a  32  inch  pipeline  Installed  in  480  feet  of  water.  By  1976,  the  record 
water  depth  was  over  1100  feet  and  now  lines  are  being  considered  for  depths 

L 

of  2500  to  3000  feet.  More  than  7000  miles  of  submarine  pipelines  now 

5 

trace  their  way  through  U.S.  waters. 

Floating  storage  and/or  production  platforms  are  Important  alternatives 
to  pipelines  and  subsea  production  systems.  These  alternatives  are  becoming 
increasingly  Important  as  ocean  depths  become  greater.  The  floating  platforms 
are  currently  being  used  as  mooring  terminals  which  can  deliver  fluids 
directly  to  shuttle  tankers. 

3.3- 1.2  Vuinerabl 1 i t ies.  An  oil  rig  could  be  boarded  and  taken  over 
by  terrorists  who  approach  in  small  boats  or  possibly  submersibles.  Once  on 
the  platform  they  could  capture  the  crew  to  hold  hostage.  The  terrorists  would 
probably  plant  explosives  and  threaten  to  destroy  the  rig  if  they  were  attacked. 
Explosive  charges  might  be  placed  below  the  water  on  the  platform  legs  or  well¬ 
head  assembly.  The  rig  could  be  held  while  demands  are  negotiated. 

Alternatively,  the  terrorists  might  attack  the  rig,  blow  it  up,  and 
withdraw  quickly.  If  the  terrorists  are  intent  on  destroying  the  rig  rather 
than  holding  it  as  an  Implement  for  negotiations,  they  may  attempt  to  approach 
covertly,  plant  charges  for  timed  or  command  detonation  later,  and  depart 
undetected.  Because  oil  rigs  have  helicopter  landing  pads,  a  sophisticated 
group  could  make  an  airborne  attack.  Another  way  of  destroying  or  heavily 
damaging  a  rig  would  be  to  ram  it  with  a  hijacked  merchant  ship. 

Terrorists  equipped  with  scuba  gear  or  submersibles  could  attach 
charges  to  the  Christmas  trees  of  producing  wells.  The  floating  storage 
and  production  platforms  would  be  even  easier  targets  because  attacking 
those  facilities  would  not  necessarily  require  the  diving  gear  and  diving 
support  needed  to  attack  subsurface  production  equipment.  Shuttle  tankers 
moored  to  production  platforms  or  transfer  buoys  are  also  vulnerable  to 
terrorist  sappers. 
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It  would  be  possible  for  terrorists  using  submersibles  or  scuba 
gear  to  dive,  locate,  and  blow  up  pipelines.  However,  locating  and  getting 
to  buried  pipelines  may  present  them  with  problems.  It  might  be  easier 
to  attack  where  the  pipeline  comes  ashore.  Pipeline  control  stations,  fuel 
storage,  or  processing  plants  along  the  shore  could  be  targeted.  Pipelines 
in  deeper  water  (>200  feet)  might  not  be  burled.  They  could  be  ruptured  by 
dragging  special  grapnels  or  exploding  line  charges  across  them. 


3. 3-1. 3  Defense  Problems.  If  the  threat  to  oil  or  gas  drilling  rigs 
materializes  it  will  be  extremely  difficult  for  the  Coast  Guard  to  protect  each 
platform  individually.  There  are  currently  over  five  hundred  rigs  in  U.S. 
waters,  the  overwhelming  number  of  which  are  currently  in  the  Gulf  of  Mexico. 
Over  time,  the  number,  geographic  spread,  and  distance  from  shore  of  the  rigs 
will  increase.  Each  rig  should  be  protected  by  Its  own  security  force  with 
appropriate  sensors  and  weaponry.  What  the  Coast  Guard  could  provide  is: 

■i  •• 

#J  f 

•  Overall  Intel  1 igefori’,  patrol  and  surveillance 


•  A  quick  response  force  to  go  to  the  aid  of  platforms 

,  ?  a 

under  attack  ■*  * 

4 

•  The  capability  to  search  for  explosives  on  both  the  exposed! 

and  underwater  portions  of  the  rigs  ' 


•  Guidance  on  security  systems  and  procedures 

•  Skilled  negotiators 


Large  floating  production  and  transfer  platforms  with  moored  shuttle  tankers 
might  be  protected  like  rigs  by  onboard  security  systems. 

The  number  and  distribution  of  wells  and  pipelines  workt;  acainst 
point  defense  of  these  facilities.  Areas  might  be  patrolled  and  a  rapidly 
deployable  underwater  search,  investigative,  and  damage  control  capability 
would  be  useful  if  a  warning  were  received  or  damage  inflicted. 


3.3*2  Power  Plants 


Three  types  of  offshore  power  plants  need  to  be  considered: 

•  Nuclear 

V 

•  Ocean  thermal  energy  conversion  (OTEC)  *» 

•  Wave  energy  extraction 

The  first  two  would  probably  be  centralized  facilities  with  all  equipnent 
located  on  a  single  platform.  Wave  energy  power  plants  woutd  have  ,nany  power 
generating  stations.  One  system  proposed  by  Lockheed  would  produce  one  t*t,  * 
two  megawatts  for  each  25Q  foot  diameter  generating  unit,  most  of  which  Is 
below  the  surface  of  the  water.  Because  of  the  number  of  Individual  units  <v 
;-n  a  wave  energy  power  system,  it  does  not  appear  to  be  an  attractive  target. 

There  will  not  be  many  offshore  nuclear  or  0T|C  plants  and  each  will 
be  of  sufficient  size  and  importance  to  warrant  its  cVi  onboard  security 
system.  Defense  against  surface  or  underwater  attaci*may  be  necessary. 

On  an  OTEC  plant  the  large  pipe  that  draws  cold  water  up  from  ocean  depths 
could  be  attacked.  Floating  nuclear  power  plants  also  may  have  some 
water  intakes  which  are  vulnerable.  One  would  expect  the  platforms  to  be 
sufficiently  compartmentalized  so  as  to  be  difficult  to  sink.  Surveillance 
and  patrols  of  the  waters  around  all  offshore  power  plants  might  be  worthwhile 

The  forecasts  do  not  discuss  how  power  would  be  brought  to  shore. 

Host  likely  an  underwater  power  cable  would  be  utilized.  Depending  on  its 
depth  and  whether  or  not  it  were  buried  in  the  seabed,  the  cable  may  or  may' 
not  be  of  interest  to  terrorists. 

3*3*3  Offshore  Industry 

Floating  oil  refineries,  chemical  plants  or  other  offshore  industries 
would  not  appear  to  be  any  more  vulnerable  or  attractive  to  terrorists  than 
their  onshore  counterparts.  If  any  are  targeted,  the  attackers  would  most 


likely  approach  by  small  boat  or  possibly  as  swimmers  from  a  nearby  boat. 

Again  an  onboard  security  system  with  sensors  to  detect  approaching  vessels 
and”? Intruders  would  be  warranted. 

i  . 

3.3.4  ^  Aquaculture. 

Offshore  fish  farms  would  have  moored  or  dynamically  positioned  netted 
areas  or  racks  containing  a  high  density  of  cultured  fin  or  shell  fish.  A 
support  platform  and  possibly  a  processing  plant  would  be  connected  to 
the  farm.  It  has  been  suggested  that  fixed  oil  rig  platforms  being  utilized 
for  oil  production  might  serve  as  bases  for  mar l cultures.  Also  there  may  be 
maricultures  associated  with  OTEC  facilities  since  the  cold  water  upwelled  by 
an  OTEC  plant  Is  rich  In  nutrients.  Those  nutrients  can  be  used  to  culture 
organisms  low  on  the  food  chain  to  be  used  as  feed  for  higher  level  organisms 
in  a  polyculture. 

If,  for  some  reason,  terrorists  choose  to  attack  a  fish  farm,  the 
support  facility  or  processing  plant  would  be  most  vulnerable  to  takeover 
or  destruction  by  armed  attack  or  use  of  explosives.  Netted  areas  could  be 
ripped  open  or  sunk. 

Kelp  farms  could  cover  hundreds  of  thousands  of  acres.  Experimental 
work  is  continuing  on  such  farms  to  raise  kelp  for  conversion  to  methane  and 
possibly  liquid  fuels.  As  the  grid  supporting  the  plants  would  be  so 
extensive  and  submerged.  It  might  not  be  susceptible  to  catastrophic  damage 
from  terrorists.  Several  elements  of  the  mooring  or  dynamic  positioning  system 
could  be  destroyed  with  disastrous  effects  to  the  grid.  The  floating  support 
facility  would  be  about  as  vulnerable  as  other  platforms  discussed. 

3.3.5  Seabed  Mineral  Extraction 

The  only  offshore  asset  involved  in  mining  manganese  nodules  are  the 
dredging  ships.  Only  their  slow  speed  would  make  them  more  vulnerable  than 
other  ships  to  boarding  and  takeover  by  terrorists. 
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3.3-6  Off-Shore  Ports 

A  terrorist  group  could  land  and  take  control  of  an  offshore  port. 
Alternatively  swimmers  or  people  in  submersibles  dropped  off  by  boats  cou.d 
approach  a  large  tanker  moored  at  a  port  and  plant  charges  on  it.  Since  there 
will  be  a  limited  amount  of  specialized  traffic  to  an  off-shore  port,  a  sensor 
system  and  patrols  might  be  effective  in  detecting  intruders.  There  will  be 
few  enough  of  these  ports  that  the  Coast  Guard  might  be  able  to  have  a 
dedicated  security  force  at  each. 

3.3.7  Summary 

Offshore  oil  rigs,  floating  production  platforms  and  loading  terminals 
are  high  value  assets  which  would  be  relatively  easy  for  terrorists  to  take 
over  or  destroy.  The  large  number  of  rigs  and  their  distribution  makes  them 
difficult  to  defend.  Undersea  oil  and  gas  production  facilities  are  extensive. 
Sabotaging  well  heads  or  pipelines  would  require  diving  equipment  training 
and  support  which  could  be  obtained  by  sophisticated,  wel 1  -  financed  groups. 

Offshore  nuclear  and  OTEC  power  plants  will  be  few  and  each  could 
have  a  sophisticated  security  system  associated  with  it.  The  same  holds  true 
for  offshore  ports.  Power  transmission  cables  from  offshore  power  plants  will 
be  vulnerable  to  sophisticated  terrorist  groups  unless  they  are  well-buried 
in  the  seabed  or  in  deep  waters. 

Support  platforms  for  ocean  industry  and  aquacultures  have  the  same 
vulnerabilities  as  other  offshore  platforms.  Fish  enclosures  and  plant  support 
grids  in  aquacultures  could  be  tern  up,  but  that  might  be  too  time-consuming 
an  operation  for  a  terrorist  attack.  Ocean  mining  ships  are  only  more 
vulnerable  than  other  ships  because  of  their  slow  speed. 

The  following  table  represents  general  categories  of  offshore 
developments  and  terrorism  contro1  measures  approp.-'ate  to  «Tch: 
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Type  of  Asset 


Terrorist  Control  Measures 


•  Numerous  high  value  surface  • 

assets,  e.g.  oil  rigs 


•  Extensive  high  value  subsurface  • 

assets,  e.g.  well  heads  and 
pipelines  * 

•  Few  very  high  value  critical  « 

surface  platforms,  e.g.  nuclear 
power  plants 

•  Areas  • 

i  - 

•  Areas  of  generally  high  off  .  • 

shore  activity 


Sensor  system  and  small  onboard 
security  force 

Substantial  quick  response  force 
available  (including  underwater 
inspection  capability) 

Area  surveillance  and  patrols 

Local  surveillance  and  patrols 

Substantial  onboard  sensor  system 
and  security  forces  (including 
underwater  inspection) 

Substantial  quick  response  force 
avai lable 

Intelligence,  surveillance,  patrols, 
quick  reaction  response  force  (including 
underwater  inspection) 


The  key  questions  are  whether  or  not: 

•  Terrorist  activities  in  the  United  States  will  increase 

•  Such  activities  will  be  directed  against  economic  assets 
or  people. 

•  Offshore  developments  wi 11  start  to  attract  more  attention 

* 

from  terrorists  than  counterpart  assets  on  land 


It  should  be  noted  that  at  some  level  of  escalation,  terrorism  could 
become  such  a  threat  to  vital  economic  and. security  interests  of  the  country 
that  the  response  would  resemble  a  military  operation  more  than  law  enforcement. 

I 

I 

i 

i 
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3-4 


TERRORISM  THREAT  TO  SHIPPING 


A  few  characteristics  of  future  shipping  have  implications  for  the 
terrorist  threat-  They  are: 

•  Larger  ships 

•  Hazardous  cargoes 

•  Automation  with  associated  smaller  crews 

The  first  two  characteristics  might  make  ships  tempting  targets  for  terrorists. 

The  take  over  and  threat  of  destroying  a  supertanker  with  its  hazardous  cargo 
of  significant  economic  value  could  pose  a  powerful  bargaining  tool.  A  very 
large  tanker  and  its  cargo  are  worth  over  100  million  dollars.  Forcing  the 
crew  to  ground  such  a  vessel  could  create  severe  environmental  damage. 

Blowing  up  a  tanker  loaded  with  certain  chemicals  in  port  could  cause  massive 
destruction  and  loss  of  life. 

The  smaller  crew  of  an  automated  ship  would  make  it  easier  to  take 
over.  A  ship  might  be  boarded  at  sea  from  a  boat  either  by  threatening  to 
fire  upon  i t  or  by  covertly  drawing  alongside  and  boarding  with  or  without 
the  support  of  dissident  crewmen.  In  port  prior  to  unloading  or  just  after 
loading, a  ship  could  be  forcefully  boarded  from  the  accomodation  ladders  or 
covertly  by  swimmers  or  from  a  boat. 

Another  possibility  is  an  attack  on  a  foreign  ship  in  a  U.S.  port  by 
a  group  with  grievances  against  that  particular  foreign  country  or  U.S.  relations 
with  it.  Such  an  incident  could  be  both  embarrassing  to  the  U.S.  and  have 
severe  effects  on  international  relations. 

Similarly,  cruise  ships  could  prove  to  be  attractive  targets  for 
terrorists.  Because  of  the  number  of  lives  involved,  hijacking  or  bomb  threats 
to  cruise  ships  bear  some  similarity  to  such  acts  against  commercial  aircraft. 
About  one  dozen  foreign  flag  cruise  vessels  use  Miami  as  a  home  port  for 
cruises  to  the  Caribbean.^ 


3.5 


TERRORISM  THREAT  ALONG  WATERWAYS 


If  terrorism  is  ever  directed  toward  industrial  targets  in  this 
country  and  more  industry  ir  located  along  waterways,  then,  of  course, 
terrorist  attacks  along  waterways  can  be  expected.  A  ship  sunk  at  a  selected 
location  could  block  all  commercial  traffic  on  a  waterways.  However,  there 
are  few  other  reasons  why  terrorist  attacks  along  waterways  should  be  expected 
more  than  against  inland  targets.  One  is  that  in  some  situations  a  water¬ 
way  might  provide  a  covert  escape  route.  A  terrorist  might  be  able  to  slip 
into  the  water  at  night  and  escape  under  cover  of  darkness  easier  than  he 
could  by  land  vehicle. 

3-6  SMUGGLING7 

Smuggling  contraband  into  or  out  of  the  country  takes  place  on  all 
sizes  of  ships  and  aircraft.  The  vessels'  primary  purpose  may  be  smuggling 
or  the  illegal  goods  may  be  stashed  on  board  without  knowledge  of  the  ship 
operators,  either  carried  by  a  passenger  or  crewman  or  as  falsely  labeled 
cargo. 

The  forecasts  indicated  growth  in  smuggling  of  narcotics,  arms  and 
explosives,  and  aliens.  This  will  place  a  greater  burden  on  the  Coast 
Guard  which  already  utilizes  a  substantial  portion  of  its  resources  in 
efforts  to  control  smuggling. 

3*6.1  Control  Functions  and  Problems 

Analysis  of  the  smuggling  control  mission  reveals  the  following 
functions  which  are  performed.  The  first  is  obtaining  intelligence  about 
contraband  shipments,  vessels'  speed,  their  routes,  and  times  of  departui e 
or  arrival.  This  function  is  performed  by  other  agencies  which  provide  the 
Coast  Guard  with  information.  The  second  function  is  maintaining  overall 
surveillance  and  patrol  of  shipment  routes  to  detect  vessels  which  are 
likely  carriers  of  contraband.  In  certain  ocean  areas  patrol  may  be 
facilitated  by  choke  points  which  concentrate  traffic,  e.g.,  gaps  between 
islands  in  the  Caribbean. 


The  third  function  is  critical,  it  is  determining  which  of  many 
vessels  detected  should  be  searched.  Since  boarding  and  searching  a  vessel 
is  so  time  consuming  and  can  have  effects  on  public  and  international 
relations  (if  a  foreign  vessel  is  searched),  it  is  important  to  have  an 
efficient  method  of  selecting  vessels  to  search.  Of  course,  if  there  is  a  tip 
(from  performance  of  the  intelligence  function)  that  a  vessel  is  carrying 
contraband,  when  that  vessel  is  spotted,  a  search  is  warranted.  Observation 
of  a  ship  rendezvousing  with  a  boat  is  a  cue  that  a  transfer  of  contraband 
may  be  taking  place.  Sometimes  high  speed  boats  take  narcotics  from  a 
larger  vessel  into  shore.  Other  unusual  behaviors,  such  as  loitering 
in  an  area  or  running  at  night  without  lights,  arouses  suspicion.  Any 
boat  identified  as  stolen  would  be  stopped.  However,  a  stolen  boat  probably 
would  have  been  refitted  to  modify  its  appearance.  In  fact,  there  have  been 
few  positive  connections  made  between  boat  theft  and  smuggling.  Finally, 
it  may  be  possible  to  sense  externally  if  a  boat  is  carrying  certain  substances. 
Notably,  unless  carefully  wrapped,  quantities  of  marijuana  might  be  detected 
by  thei r  odor. 

When  a  Coast  Guard  boat  approaches  a  vessel  to  perform  a  search, 
if  there  are  illegal  goods  on  board,  an  effort  may  be  made  to  dispose  of 
them  by  either  throwing  them  overboard  to  scuttling  the  ship.  In  either 
case,  it  would  be  desirable  tc  have  the  capability  tc  recover  some  of  the 
goods  as  evidence  to  use  in  criminal  prosecution. 

Once  a  vessel  is  boarded,  the  search  function  begins.  Often,  unless 
there  is  good  evidence  that  controlled  items  are  on  board,  all  that  is  done 
is  a  document  check.  The  main  beam  number  is  compared  to  that  on  the  ship's 
papers.  The  cargo  manifest  is  checked  against  cargo  containers.  If  a 
ship's  primary  cargo  is  marijuana,  it  might  not  be  too  difficult  to  find. 
Explosives  or  firearms  packed  with  Cosmoline  could  possibly  be  located  b/ 
a  sensitive  odor  detection  device.  Carefully  sealed  in  plastic  and  hidden 
among  other  cargo  on  a  large  ship,  marijuana  might  be  hard  to  locate.  The 


harder  drugs,  such  as  heroin  or  cocaine,  because  of  their  value  and  potency, 
are  shipped  in  smaller  quantities,  will  generally  be  well  wrapped,  and  can  be 
concealed  more  easily.  There  are  many  places  on  a  ship  or  boat  in  which  to 
hide  packages  of  hard  drugs.  Narcotics,  firearms,  or  explosives  may  be  placed 
in  sealed  containers  or  other  types  of  boxes,  innocently  labeled,  and  appear 
on  the  cargo  manifest  as  different  items.  Unless  Intelligence  has  provided 
good  information  on  how  the  contraband  is  being  shipped  or  there  is  a  way  of 
sensing  the  illicit  items  from  outside  of  the  containers,  the  time  and  cost 
of  a  thorough  search  may  be  prohibitive. 

Finally,  contraband  might  be  detected  by  surveillance  of  off-loading 
points.  Bales  of  marijuana  might  be  unloaded  at  night  at  little  used  out-of- 
the-way  landings.  Some  areas  of  the  country,  e.g.,  the  gulf  states,  have 
many  such  landings.  The  Southern  California  coast  does  not. 

Contraband  shipped  in  innocent  looking,  falsely  labeled  containers 
can  be  delivered  as  ordinary  cargo  in  regular  ports.  A  crewman  or  passenger 
can  easily  leave  a  freighter,  fishing  boat,  or  pleasure  craft  concealing 
a  package  of  hard  drugs  at  a  commercial  port  or  marine. 

The  above  discussion  focuses  on  the  problems  and  functions  performed 
to  control  smuggling,  especially  of  narcotics,  into  the  U.S.  Similar  problems 
are  faced  in  attempting  to  restrict  the  flow  of  arms  and  illegal  aliens. 

Aliens  often  try  to  enter  the  country  in  boats  which  may  be  overloaded.  The 
refugees  may  be  starving  or  suffering  from  exposure.  Sometimes  they  are 
dropped  off  by  boats  offshore  to  swim  ashore.  While  the  flow  of  narcotics 
and  aliens  is  into  the  country,  it  is  anticipated  that  the  movement  of  arms 
out  of  the  country  will  be  greater  than  shipments  into  the  U.S. 

3.6.2  SUMMARY 

In  summary,  one  of  the  major  needs  of  the  Coast  Guard  to  do  a  better 
job  of  coping  with  increased  levels  of  smuggling  is  better  systems  for 
determining  if  contraband  is  on  vessels  which  have  been  boarded.  It  would 
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also  be  desirable  to  have  means  for  detecting  the  presence  of  illegal  goods 
on  a  ship  prior  to  boarding.  It  is  possible  that  marijuana  could  be  detected 
at  a  distance,  but  better  packaging  might  negate  the  effectiveness  of  any 
such  system.  Furthermore,  control  of  hard  drugs  may  be  of  greater  importance 
in  the  future.  Of  course,  improved  intelligence  would  be  desirable  to  have 
a  system  which  could  recover  packages  of  contraband  thrown  overboard  or  in 
scuttled  vessels. 

3.7  SEARCH  AND  RESCUE  (SAR) 

Analysis  of  the  search  and  rescue  mission  is  particularly  interesting 
with  respect  to  this  project  because  the  Coast  Guard  is  already  sponsoring 
development  of  an  animal  sensor  system  to  aid  in  search  operations  (see 
Section  6.4.1).  The  Coast  Guard  Search  and  Rescue  statistics  for  1978  excerpt 
below  give  a  picture  of  the  frequency  of  different  types  of  calls  for 

g 

assistance  and  of  the  resources  and  time  utilized  in  responding  to  those  calls. 

Discussions  with  Coast  Guard  personnel  in  headquarters,  Washington,  D.C. 

and  from  the  7th,  11th,  and  12th  district  headquarters  also  yielded  valuable 
q 

information . 

3.7.1  Breakdown  of  Assistance  Calls 

In  1978  the  Coast  Guard  responded  to  78,000  calls  for  assistance. 
Ninety-four  point  two  (94.2)  percent  of  the  units  assisted  were  vessels.  Four  and 
one-half  (4.5)  percent  were  persons  only.  Seventy-eight  point  two  (78.2)  percent 
of  the  vessels  were  used  for  recreational  purposes.  Eleven  point  nine  (11. 9)  per¬ 
cent  were  commercial  fishing  vessels.  Less  than  2%  were  merchant  ships.  Figure  6 
gives  the  distribution  of  length  of  assisted  vessels.  About  67%  of  the 
vessels  were  disabled,  about  15%  had  run  aground,  5%  had  capsized  and  about 
6%  were  overdue/missing.  In  other  words,  the  overwhelming  majority  of  SAR 
missions  are  to  aid  small  to  moderate  size  recreational  boats  which  are  afloat 
or  grounded  and  immobilized.  Eighty-one  percent  of  the  Incidents  are  within 
three  miles  of  the  coastline  and  95%  are  within  25  miles. 


3.7*2  Search  Operations 


Searching  is  involved  in  1 3$  of  the  cases  but  consumes  22%  (over 
**8,000  hours)  of  the  total  sortie  hours.  The  distressed  unit  is  found  in 
about  41%  of  the  search  cases.  Of  the  nearly  228,000  total  annual  sortie 
hours,  boats  account  for  58%,  cutters  15%,  the  auxilliary  10%,  and  aircraft 
10%.  Indirectly,  all  of  these  figures  indicate  that  a  lot  of  the  search 
time  is  put  in  by  vessels  as  well  as  aircraft.  However,  projections  indicate 
greater  use  of  aircraft  in  the  future. 

The  SAR  statistics  must  be  interpreted  with  caution.  For  example, 
some  of  the  reported  boat  search  time  may  be  travel  time  to  and  around  the 
area  that  aircraft  are  searching  and  not  truly  be  independent  searching  by 
the  boat.  Furthermore,  reports  customarily  lead  to  a  search  for  the  boat 
which  is  missing.  However,  the  boat  may  have  sunk,  and  at  some  point,  the 
search  becomes  one  for  people  in  the  water.  in  fact,  the  people  may  already 
be  in  the  water  while  the  searchers  are  still  oriented  towards  finding  a 
boat.  Obviously  finding  people  in  the  water  is  more  difficult  than  finding 
a  boat.  Next  year,  boats  will  be  required  to  carry  orange  panels  and  flares 
to  facilitate  detection  and  identification  of  those  in  distress. 

The  personnel  interviewed  indicated  that  calls  for  assistance  generally 
originate  from  three  sources: 

•  A  call  from  the  distressed  unit 

•  A  call  from  another  vessel  alongside  the  distressed  unit 

•  Notification  from  friends  or  relatives  that  a  party  is  overdue. 

There  are  instances  of  hoaxes.  Some  of  these  are  thought  to  be  aimed  at 
diverting  Coast  Guard  resources  from  drug  interdiction  missions.  Also, 
vessels  which  have  called  for  assistance  sometimes  fix  the  problem  them¬ 
selves  or  get  other  help  and  fall  to  notify  the  Coast  Guard. 

Almost  all  searches  originate  with  the  third  source.  However, 
occasionally  a  distressed  party  which  calls  for  aid  will  not  know  exactly 
where  it  is.  Most  searching  is  done  during  the  day.  The  Coast  Guard  does 
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have  fixed  wing  aircraft  equipped  with  the  "Carolina  moon"  which  can  Illuminate 
a  one-half  mile  square  area  from  an  altitude  of  500  feet.  In  some  cases.  Air 
Force  resources  are  called  on  to  make  high  altitude  photographic  searches. 

Then  a  large  amount  of  film  must  be  reviewed  to  determine  If  the  distressed 
vessel  was  overflown. 

3*7-3  Underwater  Search 

Currently  the  Coast  Guard  does  not  have  an  underwater  SAR  capability. 

As  submersibles  are  used  more  for  offshore  commercial  activities  and 
recreational  purposes,  the  Coast  Guard  may  be  called  upon  to  provide  SAR 
services.  Personnel  could  become  stranded  in  malfunctioning  or  entangled 
submersibles  and  have  a  good  chance  of  surviving  if  their  vehicle  is 
retrieved  quickly.  There  is  also  the  possibility  that  people  may  be  stranded 
in  parks  or  other  underwater  recreational  facilities.  Although  scuba 
diving  will  increase  in  popularity  and  divers  will  be  able  to  go  to  greater 
depths,  it  is  doubtful  that  an  underwater  SAR  capability  will  contribute 
much  to  the  survival  chances  of  a  diver  in  trouble. 

3.7.  4  Conclusions 

The  forecasts  project  a  strong  rate  of  growth  of  recreational  boating 
(see  Section  2.4.3)*  The  SAR  workload  has  been  highly  correlated  with  recrea¬ 
tional  boating  activity.  However,  in  the  future,  the  Coast  Guard  may  attempt 
to  reduce  its  Involvement  in  search  and  rescue  operations.  Efforts  will  be 
made  to  have  state  and  local  agencies  and  the  auxiliary  respond  to  most 
assistance  calls.  A  marine  organization  similar  to  the  automobile  club 
also  might  come  into  being.  The  Coast  Guard  would  emphasize  its  role  of 
establishing  safety  equipment  requirements  and  standards. 

It  is  difficult  to  anticipate  how  animals  might  be  useful  aiding 
a  distressed  vessel  once  a  Coast  Guard  unit  arrives  on  the  scene.  However, 
animal  sensory  capabilities  may  be  used  to  increase  the  effectiveness  and 
reduce  the  time  and  costliness  of  search  operations.  An  animal  search 


system  should  be  optimized  for  locating  small  vessels  (between  12  and  65  feet 
in  length)  or  people  in  the  water  in  a  variety  of  sea  states  and  weather 
conditions.  Although  many  boats  being  sought  would  be  disabled,  that 
probably  is  not  a  good  discriminating  characteristic,  i.e.,  some  overdue 
boats  may  be  quite  functional.  A  nighttime  search  capability  will  be  useful. 
A  system  is  needed  for  operation  from  fixed  wing  (including  jet)  aircraft 
and  helicopters.  Also,  a  system  which  could  give  longer  range  eyes  to 
Coast  Guard  boats  would  be  valuable.  Since  so  many  incidents  are  within 
a  few  miles  of  shore,  a  land  based  animal  search  system  could  be  considered. 

An  animal  system  for  underwater  search  for  submersibles  and  for 
recovery  of  those  vehicles  may  also  be  valuable  In  the  future. 

3-8  ENVIRONMENTAL  PROTECTION10 

Detection,  tracking,  control,  and  investigation  of  oil  leaks,  acci¬ 
dental  spills,  and  Intentional  dumping  have  been  and  will  continue  to  be  the 
Coast  Guard's  main  involvement  in  environmental  protection.  Major  incidents 
such  as  oil  well  head  blowouts  and  tanker  collisions  or  breakups  are  reported 
to  the  Coast  Guard.  The  Coast  Guard  and  the  commercial  interests  involved 
in  such  incidents  have  containment  booms,  dispersement,  and  skimming/vacuum¬ 
ing  equipment  to  help  control  and  minimize  environmental  damage  from  those 
accidents.  Other  incidents  where  there  is  visible  evidence  of  pollution  such 
as  films  on  waterways  or  fish  kills  may  be  reported  to  the  Coast  Guard  by 
observers  of  the  evidence. 

The  Coast  Guard  does  conduct  multi-purpose  surveillance  flights 
(p«, iution  detection  and  law  enforcement).  During  these  flights  intentional 
pumping  of  bilges  or  bunkers  of  ships  may  be  detected.  A  surveillance 
system  has  been  contracted  to  go  on  the  new  intermediate  range  jet  aircraft. 
This  system  has  infrared  detectors,  cameras,  and  a  side  scan  radar.  The 
surface  film  left  by  a  ship  dumping  oil  contaminated  fluids  can  be  tracked 
back  to  the  ship.  One  problem  is  that  flights  are  now  and  will  probably 
continue  to  be  too  sporadic  to  detect  most  violators.  The  extent  and  move- 
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merit  of  oi  1  on  the  water  surface  also  can  be  charted  by  aircraft.  However, 
the  depth  of  the  layer  cannot  be  determined.  When  the  oil  washes  ashore, 

It  is  difficult  to  determine  how  far  It  has  penetrated  Into  such  inaccessible 
and  ecologically  sensitive  areas  as  mangrove  swamps. 

With  regard  to  oil  rigs,  to  date  the  Coast  Guard  has  only  had 
responsibility  for  inspection  of  equipment  and  procedures  related  to  per¬ 
sonnel  safety.  In  the  future  it  is  anticipated  that  those  inspections  may 
be  extended  to  cover  environmental  protection  control  devices. 

As  shipping  of  hazardous  chemicals  increases  as  projected,  the  Coast 
Guard  will  become  even  more  concerned  than  it  is  now  with  detection,  plotting 
the  extent  of,  and  controlling  the  effects  of  chemical  accidents. 

Spills  into  rivers,  streams,  and  sewers  are  of  concern  as  well  as  offshore 
events.  Detecting  many  of  those  chemicals  when  dissolved  in  water  can  be 
difficult.  Currently,  water  samples  are  taken  to  private  laboratories  and 
the  tests  performed  are  expensive.  Complex  laboratory  testing  also  may  be 
involved  in  identifying  the  source  of  hazardous  chemicals  or  oil  so  that 
control  measures  and  legal  action  can  be  taken. 

3.9  MILITARY  OPERATIONS 

Coast  Guard  involvement  in  military  operations  of  the  United 
States  will  be  dependent  upon  the  nature  and  location  of  the  conflict.  Some 
of  the  missions  which  the  Coast  Guard  will  be  asked  to  perform  are  natural 
extensions  of  current  and  projected  peacetime  missions,  but  they  may  be 
conducted  on  a  larger  scale.  In  a  widespread  conflict  some  may  even  be 
carried  out  in  U.S.  waters.  Other  missions,  discussed  below,  are  considered 
because  they  will  be  conducted  in  the  natural  and  operational  environments 
in  which  the  Coast  Guard  is  accustomed  to  working,  e.g.,  coastal  waters,  port, 
approaches,  harbors  and  inland  waterways. 

3*9.1  Combat  Search  and  Rescue 

During  warfare  the  Coast  Gurad  search  and  rescue  resources  can  be 
augmented,  and  utilized  to  rescue  survivors  of: 


•  Ships  sunk  in  sea  lanes  or  U.S.  coastal  waters. 

•  Ships  or  landing  craft  sunk  in  the  course  of  amphibious 
operations. 

•  Naval  vessels  sunk  in  surface  engagements. 

•  Aircraft  dawned  in  naval  engagements  or  while  conducting 
airstrikes  in  coastal  areas. 

In  World  War  I  I  the  Coast  Guard  rescued  thousands  of  survivors  of  torpedoed 
ships  along  the  Atlantic  and  Gulf  Coasts,  in  the  Caribbean,  Atlantic,  and 
Mediterranean.  Over  1,500  survivors  of  landing  craft  sunk  by  German  guns 
were  picked  up  during  the  Normandy  landings.^ 

There  were  significant  losses  of  personnel  following  World  War  II 
naval  engagements  in  the  Pacific  when  men  were  left  in  the  water  for  several 
days.  It  has  been  suggested  that  in  the  future  Coast  Guard  cutters  and 
helicopters  operating  with  task  units  could  be  used  to  rescue  survivors  from 

ships  sunk  in  battle.  Combat  vessels  may  not  be  able  to  stop,  search  for, 

.  ,11 

and  rescue  personnel. 

3.9-2  Defense  Against  Swimmer  Attacks 

During  wartime  there  may  be  a  threat  of  attack  by  swimmers  to  U.S. 
Navy  combat  and  supply  ships,  merchant  vessels,  and  POL  and  munitions 
facilities  along  the  shore.  Such  a  threat  materialized  during  the  conflict 
in  Vietnam.  If  the  Coast  Guard  develops  the  peacetime  capability  to  protect 
ships  in  port  from  terrorist  attacks,  that  capability  would  find  direct 
application  in  wartime.  The  Coast  Guard  would  likely  be  responsible  for  port 
security  in  the  United  States.  A  good  system  for  defense  against  swimmer 
attack  would  find  even  more  utility  in  foreign  ports  protection  U.S.  ships 
and  those  of  our  allies  being  supplied. 

3.9.3  Protection  of  Offshore  Assets 

The  Coast  Guard  will  not  have  the  resources  to  protect  U.S.  offshore 
assets  from  attack  by  any  substantial  naval  force.  However,  it  could  be 
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given  the  responsibility  for  security  of  selected  facilities  against  small 
unit  attacks.  Protection  from  commando- type  raids  or  swimmer  attacks  might 
be  provided.  Like  the  mission  of  protecting  ships  in  port  this  would  be  an 
extension  of  the  projected  peacetime  mission  of  terrorism  control.  Coast 
Guard  surveillance  of  areas  with  high  levels  of  offshore  activity  could  be 
expected  to  Increase. 

3. 9  *  k  Mine  Countermeasures 

The  Coast  Guard  does  not  have  the  sensor  or  neutralization  systems 
to  swaqp  /■  r  hunt  mines.  However,  this  mission  Is  often  conducted  in  coastal 
waterways,  the  environment  In  which  the  Coast  Guard  is  best  prepared  to 
operate.  It  would  be  valuable  if  the  Coast  Guard  had  the  capability  to 
determine  if  a  port  or  port  approach  had  been  covertly  mined  and  be  able  to 
nullify  that  threat.  Such  a  capability  would  be  particularly  valuable  if  the 
Navy's  limited  mine  countermeasures  resources  are  required  to  cope  with  other 
mining  threats  overseas. 

3*9-5  Natural  Disaster  and  Domestic  Emergency  Operations 

This  mission  is  listed  under  military  operations  although  it  is  just 
as  likely  to  occur  in  time  of  peace.  The  use  of  military  forces  and  military 
type  logistics  operations  are  typically  required  to  provide  aid  during  natural 
disaster. 

The  Incidence  of  natural  disasters  along  the  U.S.  Coast  should  not 
be  any  greater  in  the  next  twenty-five  years  than  they  have  been  in  the  past. 
However,  with  increased  population  and  more  industrial  development  near  the 
shore,  the  consequences  could  be  more  severe.  The  processing,  storage,  and 
transportation  of  more  explosive  and  toxic  materials  near  population  centers 
also  poses  an  increased  threat. 

The  newly  formed  Federal  Emergency  Management  Agency  among  its  other 
responsibilities,  coordinates  and  plans  for  emergency  deployment  of  resources 
responding  to  disaster  situations. 
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Of  course,  Coast  Guard  personnel  and  vehicles  can  contribute  to  the 
logistics  aspect  of  relief  operations.  Another  k«sk  which  the  Coast  Guard 
might  be  asked  to  perform  is  to  find  and  rescue  survivors.  Although  this 
is  related  to  the  Coast  Guard's  regular  search  and  rescue  activities,  there 
are  distinct  differences.  The  people  being  sought  are  not  likely  to  be  on 
expanses  of  open  water.  They  may  be  on  top  of  flooded  buildings  or  among 
debris  on  land.  Many  may  be  injured.  There  may  be  a  need  for  body  searchers. 
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4.0  SUMMARIZED  REVIEW  OF  ANIMAL  CAPABILITIES 

4.1  INTRODUCTION 

4.1.1  The  Problem 

The  number  of  unique  and  unusual  animal  capabilities  and  senses  is 
nearly  as  great  as  the  number  of  individual  species.  That  is,  each  of  the 
millions  of  animal  species  represents  a  unique  biological  entity  with  its  own 
way  of  perceiving  and  dealing  with  the  environment.  Furthermore,  a  species 
cannot  be  dealt  with  as  an  isolated  capability,  bu't  is  an  individual  biological 
entity  with  a  unique  pattern  of  characteristics,.1.  Both  the  huge  variety  of  cap¬ 
abilities  and  the  individual  unique  qualities  of  each  organism  are  important  problems 
to  be  overcome  in  this  review,  since  each  is  an  important  consideration  in  system 
concept  formulation.  These  problems  are  further  complicated  by  the  fragmentary 
and  nonsystematic  way  in  which  sensory  physiology  data  is  currently  accumulating. 

Most  sensory  information  is  in  a  primitive  state,  being  non  standardized,  often 
contradictory  and  dispersed  erratically  throughout  the  scientific  literature. 

In  order  to  deal  with  the  above  mentioned  problems  an  approach  was 
developed  for  conducting  the  review  of  animal  capabilities  which  provided  a 
systematic  and  reasonably  comprehensive  review  within  finite  time  and  space. 

4.1.2  The  Approach 

Figure  7  shows  schematically  the  approach  taken  for  reviewing  animal 
capabilities.  This  approach  will  be  described  briefly  below. 

Initially,  potentially  useful  sensory  modalities  and  capabilities  were 
listed  within  the  broad  context  of  current  and  future  Coast  Guard  missions 
(Box  1).  Concurrently,  a  list  of  animals  was  compiled  from  the  entire  animal 
kingdom,  eliminating  only  a  few  animal  groups  which  were  unquestionably  im¬ 
practical  for  Coast  Guard  use  (Box  2).  Criteria  for  elimination  included- 
size,  maintenance,  legal,  economic  and  biological  considerations.  The  capa¬ 
bility  and  animal  lists  were  then  matrixed  and  a  list  of  potentially  useful 
animal-capability  areas  resulted,  (Box  3). 
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gure  /.  The  Approach  to  Conducting  the  Animal  Capabilities  Review. 
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Box  k  represents  a  general  review  of  the  entire  biology  of  each  animal 
group  which  resulted  in  a  "biological  portrait"  of  each  group.  This  information 
was  useful  in  two  ways.  First,  additional  areas  of  potentially  useful  capa¬ 
bilities  were  discovered  and  added  to  the  list  of  capabilities  to  be  researched. 
Secondly,  the  biological  portraits  obtained  provided  the  aforementioned  Gestalt 
Information  for  each  animal  group  necessary  for  realistic  system  concept  for¬ 
mulation.  Informal  interviews  and  personal  communications  with  current 
researchers  also  added  to  the  list  of  potentially  useful  animal  capabilities. 

The  majority  of  research  time  (represented  in  Box  6)  was  spent  accumulating 
quantative  and  qualitative  data  on  the  listed  animal-capabi 1 i ty  areas.  A 
variety  of  scientific  hooks  and  journals,  The  Handbook  of  Sensory  Physiology, 
and  ether  reliable  sources  were  utilized.  The  information  obtained  from 
research  was  then  organized  by  modality  or  capability  and  is  presented  in  the 
tables  and  text  of  this  review.  In  the  interests  of  clarity,  utility  and 
space  the  review  text  has  been  selectively  edited  such  that  only  animal 
capabilities  with  at  least  remote  potential  for  system  applicability  are 
described. 

1*.1.3  Preface  to  the  Capabilities  Review 

The  scientific  methods  for  obtaining  animal  capability  information 
start  with  simply  watching  animal  behaviors.  Anatomy  and  physiology  are 
subsequently  studied  to  support  the  existence  and  sensitivity  of  a  particular 
capability.  However,  many  parameters  of  sensory  capacities  are  difficult 
to  assess  and  tnerefore,  most  data  is  now  being  produced  by  two  other  methods 
of  research,  namely  training  experiments  and  electrophysiology.  Crudely 
stated,  training  produces  animals  that  respond  in  some  way  to  a  stimulus  and 
then  that  stimulus  can  be  altered  until  the  response  is  no  longer  observed 
thus  revealing  a  behavioral  threshold  for  that  stimulus,  fn  a  similar  crude 
way,  electrophysiology  consists  of  giving  stimuli  to  a  receptor  organ  then 
recording  and  analyzing  the  electrical  activity  in  the  nerves  from  that 
organ.  The  many  variants  and  modifications  to  these  basic  techniques  have 
provided  most  of  the  information  that  follows. 

This  review  is  not,  nor  could  it  be,  completely  comprehensive  because 
the  subject  of  animal  capabilities  is  enormous  and  many  such  capabilities  are 
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unknown  or  incompletely  tested.  Thus  it  is  possible  that  the  "perfect  animal" 
for  a  particular  system  application  exists,  but  may  not  be  mentioned  specifically 
in  the  review.  However,  the  review  does  present  outstanding  animal  examples 
of  all  relevant  capabilities  from  all  relevant  animal  groups,  and  these  examples 
can  serve  as  indicators  of  the  best  the  animal  kingdom  has  to  offer.  It  is 
Important  to  be  aware  that  there  are  many  unmentioned  organisms  that,  by  virtue 
of  their  phylogenetic  and  ecological  similarity  to  the  examples  given,  have 
similar  (but  usually  lesser)  capabilities. 

Often  the  sensory  capability  of  an  animal  will  be  mentioned  even 
though  the  sensory  capacity  in  question  is  quite  poor  relative  to  other  animals. 
This  is  frequently  done  because  the  potential  usefulness  of  some  organisms  lies 
not  in  a  single  outstanding  capability,  but  in  a  combination  of  lesser  abilities, 
i.e.,  in  the  Gestalt  qualities  of  the  biological  whole. 

A  brief  qualitative  summary  of  the  review  of  animal  capabilities  will 
be  given  below.  For  additional  details,  references  and  quantification  of  these 
capabiliti  s,  the  reader  is  referred  to  the  tables,  text  and  references  in 
Appendix  A. 

i*.2  VISUAL  CAPABILITIES  IN  SELECTED  ANIMAL  GROUPS 

Some  type  of  light  sensitivity  exists  in  every  animal  phylum,  but  the 
most  relevant  examples  of  vision  are  the  cephalopod  mollusks  (e.g.,  octopus), 
fish,  sharks,  seals  and  sea  lions,  and,  above  all,  birds. 

Octopus  vision  can  be  characterized  by  several  advantages  and  several 
disadvantages  with  respect  to  human  vision.  The  octopus  has  poor  size  and 
color  discrimination,  has  no  binocular  vision  and  is  also  poor  at  pattern 
discrimination.  However,  the  octopus  can  discern  the  plane  of  polarized 
light,  adapt  to  very  low  light  intensities,  and  sees  with  an  acuity  of  17  min. 
of  arc  (the  best  of  all  invertebrates).  In  addition,  octopus  vision  covers  a 
very  wide  field  of  view. 
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Sharks  are  potentially  quite  useful  animals.  They  possess  excellent 
visual  sensitivity  to  movement  and  contrast,  and  have  extremely  rapid  and 
complete  adaptation  to  low  light  intensities,  allowing  them  to  see  in  light 
ten  times  lower  than  man's  lowest  threshold.  The  field  of  view  is  very  wide, 
but  sharks  have  poor  visual  acuity  and  little  or  no  color  vision. 

Some  photic  zone  fishes  have  color  vision  and  acuity  comparable  to  man. 

A  wide  field  of  view  and  binocular  vision  are  competitive  goals  which  are 
variably  expressed  in  these  fishes.  Deep  sea  fishes  in  contrast  have  generally 
poor  acuity  and  color  resolution,  the  field  of  view  is  usually  limited,  and 
binocular  vision  is  often  present.  These  limitations  in  deep  sea  fish  are 
adaptations  to  allow  sensitivity  to  extremely  low  light. 

Birds  possess  the  most  advanced  vision  in  the  animal  kingdon.  The 
fovea  is  a  retinal  area  usually  associated  with  high  visual  acuity  and  good 
color  vision.  This  area  is  large  and  highly  adapted  in  many  birds.  Diurnal 
birds  generally  have  a  fovea,  high  acuity,  and  good  color  vision.  Hawks,  eagles, 
and  vultures  are  the  best  examples  of  good  acuity  (e.g.,  Buteo  buteo  a  vulture  has 
acuity  eight  times  that  of  man).  Movement  sensitivity  and  contrast  detection 
are  also  excellent  in  most  diurnal  birds.  Owls  have  relatively  poor  color 
discrimination  and  are  red  blind,  but  possess  low  intensity  vision  100  times 
better  than  man.  Pigeons  are  noteworthy  for  excellent  movement  sensitivity 
and  the  detection  of  ultra  violet  light  as  well  as  the  plane  of  polarized 
light.  The  avian  field  of  view  is  typically  wide, and  binocular  vision  is 
usually  present.  In  addition,  accomodation  is  very  rapid  in  most  birds;  in 
some  it  is  so  strong  that  they  can  see  well  both  in  and  out  of  water  (e.g., 
cormorants).  Many  birds  are  readily  trainable  for  performance  of  visually 
oriented  tasks. 

Seals  and  sea  lions  (Pinnipedia)  have  good  (4-6  min.  of  arc.)  visual  acuity 
both  in  and  out  of  water.  They  can  also  see  well  in  low  light  intensities. 
Furthermore,  they  are  highly  trainable  for  underwater  tasks.  Pinnipeds  can 
discriminate  small  differences  in  size  and  shape  and  have  binocular  vision 
but  have  almost  no  color  vision. 
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4.  3  THERMORECEPTION  IN  SELECTED  ANIMAL  GROUPS 

Thermoreception  is  limited  to  a  relatively  small  numbef"  of  animals  and 
is  only  well  developed  in  a  few  fish,  insects,  and  reptiles.  The  thermo¬ 
sensitivity  of  the  best  endowed  animals  (pit  vipers)  is  easily  matched  by 
man-made  thermosensors,  and  thus  the  applicability  of  animal  thermosensitivity 
in  a  system  context  is  unlikely. 

4.4  CHEMORECEPTI ON  IN  SELECTED  ANIMAL  GROUPS 

Almost  every  living  organism  has  some  type  of  chsmosens i t i vi ty . 

Among  the  invertebrates,  bacteria,  molluscs,  and  insects  have  the  most 
useful  chemo reception.  Among  vertebrates,  fish  and  mammals  are  outstanding. 
Humans  have  exceptionally  poor  chemorecept ion  so  it  is  difficult  to  imagine 
that  odors  form  the  primary  means  of  communication  in  many,  and  possibly 
most,  animal  species. 

4.4.1  Bacteria 

Bacteria  have  part  per  million  range  sensitivity  to  some  compounds 
but  show  low  specificity  of  response.  They  could  be  quite  useful  because  of 
low  cost,  expendabi 1 i ty ,  and  their  potential  for  genetic  selection.  If 
sensitivity  to  appropriate  chemicals  and  observable  responses  can  be 
developed,  bacteria  will  make  excellent  chemosensors . 

4.4.2  I nsects 

Insects  have  the  same  advantages  and  disadvantages  as  bacteria.  They 
are  highly  sensitive  but  response  to  important  chemicals  and  a  response 
indicator  must  be  found.  Insects  have  a  variety  of  chemoreceptors  including 
the  four  "tastes"  that  humans  possess  as  well  as  many  specific  receptors  for 
particular  chemical  classes  (e.g.,  alcohols,  CO2,  ketones,  etc.).  A  good 
example  of  system  use  of  insect  chemorecept ion  is  the  utilization  of  the 
isolated  honeybee  abdomen  for  detecting  pollutants,  certifying  water  purity, 
and  detecting  drug  administrations.  Some  insects  have  incredible  sensitivity 
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and  specificity  for  biologically  important  compounds  called  pheromones.  The 
behavioral  response  to  a  pheromone  is  usually  stereotyped  and  reliable,  thus 
it  is  easy  to  observe  when  a  detection  has  occurred.  Some  sex  attractant* 
pheromones  have  been  analyzed  and  synthesized  for  use  in  insect  control 
programs.  Pheromones  are  among  the  most  powerful  chemical  stimuli  known  and 
therefore  are  potentially  useful  in  their  unmodified  form. 

4.4.3  Marine  Animals 

A  variety  of  potentially  useful  marine  animal  chemosensi t i vi t ies  will 
be  mentioned  below.  The  octopus  has  contact  chemo receptors  in  its  suckers 
that  respond  to  sweet,  sour,  and  bitter  stimuli  with  100  times  the  sensitivity 
of  the  human  tongue.  Sharks  and  rays  have  highly  sensitive  (part  per  billion 
range)  and  directional  olfaction,  especially  when  the  stimulus  is  a  food 
related  odor.  The  common  chemical  sense  is  also  well  developed  in  sharks. 

Some  fish  are  sensitive  to  the  four  "tastes"  and  a  variety  of  other  chemicals 
at  concentrations  thousands  of  times  lower  than  man  can  detect.  Also,  some 
species  can  be  imprinted  on  dilute  chemicals  during  an  early  critical  period  of 
life  and  will  maintain  a  response  to  that  chemical  through  maturity.  The 
chemical  sensitivity  of  some  fish  has  allowed  their  use  as  pollution  indicators 
as  sensitive  as  the  best  analytic  techniques.  Finally,  certain  eels  show  the 
greatest  chemical  sensitivity  measured  in  any  animal  group,  but  the  capability 
is  severely  limited. 

4.4.4  Birds 

Procel lari  form  birds  (e.g..  Northern  Fulmar)  have  good  olfaction. 

Other  potentially  useful  candidates  are  Oil  birds,  Grebes,  Honeyguides,  and 
the  Turkey  Vulture,  Homing  pigeons  also  may  use  olfaction  in  orientation  to 
the  home  loft.  These  olfactory  abilities  combined  with  the  ability  of  flight 
may  be  useful. 

4.4.5  Mammals 

Olfaction  is  highly  developed  in  most  mammals  higher  on  the  phylogenetic 
tree  than  rodents.  Pigs  have  phenomenal  olfaction  as  do  dogs,  with  sensitivity 
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in  the  part  per  billion  range  for  many  stimuli.  In  addition,  dogs  are  highly 
versatile,  easily  trained  and  have  been  demonstrated  as  excellent  animals  for 
systems  applications.  Some  system  applications  and  preferable  breeds  of  dogs 
are  detailed  in  Sections  5  and  6  and  Appendix  A. 

A. 5  AUDITORY  CAPABILITIES  IN  SELECTED  ANIMAL  GROUPS 

The  auditory  capabilities  of  birds  and  several  mammals  may  be  important 
in  system  applications. 

4.5.1  Birds 

The  high  frequency  range  of  bird  audition  is  typically  limited  relative 
to  man.  However,  pitch  discrimination  is  similar  to  man  and  temporal  resolution 
is  usually  better.  For  example,  pigeons  are  limited  in  high  frequency  hearing 
to  only  12  KHz.  Their  pitch  discrimination  is  unusually  poor  for  a  bird,  but 
pigeon  temporal  resolution  is  better  than  man.  The  maximum  sensitivity  range 
of  pigeon  audition  is  from  1800-2400  Hz.  and  they  are  unusally  sensitive  to 
infrasonic  vibrations.  Owls  are  exceptional  birds  with  respect  to  auditory 
functions.  For  example.  Barn  Owls  have  extremely  accurate  three-dimensional 
auditory  localization  facilitated  by  many  adaptations  including  extremely 
sensitive  high  frequency  hearing, 

4.5.2  Mamma  1  s 

Many  mammals  are  sensitive  to  sound  frequencies  that  are  beyond  human 
perception.  However,  threshold  intensities  are  rarely  significantly  better 
than  man. 

Rodent  audi t ion  is  characterized  by  a  broad  frequency  range  (0.1  to 
100  KHz)  and  threshold  sensitivity  slightly  higher  than  man  at  our  frequency 
of  maximum  sensitivity. 

Bats  have  an  even  broader  frequency  range  (1-150  KHz)  than  rodents. 

Bat  temporal  resolution  is  extremely  fast  and  sensitivity  thresholds  are 
low,  these  capabilities  being  related  to  echolocat ion. 
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The  frequency  range  of  dogs  extends  over  25  KHz  and  that  of  cats  goes 
over  60  KHz.  Threshold  sensitivity  of  dogs  is  comparable  to  man  while  cats 
are  a  rare  exception,  having  significantly  lower  absolute  sensitivity  thresholds 
over  a  broad  range  of  frequencies. 

The  toothed  whales  have  excellent  audition  with  a  broad  frequency 
range  (typically  0.07  to  150  KHz)  and  thresholds  almost  as  good  as  man  in 
our  optimal  range  and  much  better  in  the  high  frequencies.  Odontocetes 
(toothed  whales)  also  have  rapid  temporal  resolution  which,  as  in  bats,  is 
related  to  echolocation. 

4.  6  ECHOLOCATION  IN  SELECTED  AN  I MAL  GROUPS 

Echolocation  is  utilized  by  bats,  toothed  whales,  a  few  birds  and 
shrews,  a  fish,  and  possibly  rodents  and  seals.  The  most  relevant  of  these 
animals  to  Coast  Guard  missions  are  the  toothed  whales  (Odontocet i ) . 

4 

Toothed  whales  produce  a  species  specific,  high  frequency,  directional 
beam  of  rapidly  pulsed  sound  which  is  reflected  off  underwater  objects  and 
then  received  by  audition  characterized  by  high  sensitivity  and  rapid  temporal 
resolution  over  a  broad  frequency  range.  This  process  allows  the  determination 
of  the  presence,  location,  size,  shape,  and  composition  of  underwater  objects. 
Blindfolded  dolphins  can  swim  mazes  and  avoid  thin  (.35  mm)  wires  without  contact. 
They  can  resolve  thicknesses  of  different  targets  and  also  can  distinguish  between 
similarly  shaped  objects.  Echolocation  range  is  on  the  order  of  50-100  meters 
and  may  operate  over  300  meters  on  large  targets.  Range  can  be  limited 
by  acoustic  reverberation  and  noise.  Size  and  shape  resolutions  generally  have 
threshold  levels  from  5$  to  10%  at  short  range,  and  most  of  a  variety  of 
materials  thus  far  tested  can  be  differentiated  by  the  Atlantic  bottlenose  dolphin 
(Turstops  truncatus)  utilizing  only  echolocation.  Finally,  range  resolution 
is  also  well  developed,  i.e.,  Tursiops  truncatus  can  detect  a  difference 
in  distance  to  two  objects  even  if  the  distance  difference  is  under  1%  (only 
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tested  up  to  7  meters).  Finally,  proven  echolocatlon  exists  in  nine 
species  of  odontocetes,  of  which  seven  are  amenable  to  captivity  and 
training. 

Bats  are  also  accurate  echolocators  and  can  determine  the  presence, 
size,  shape,  direction,  distance,  velocity,  and  nature  of  airborne  objects. 
However,  bats  and  a  variety  of  other  echolocators  have  no  obvious  utility  for 
the  Coast  Guard.  They  are  discussed  briefly  in  Appendix  A. 

4.7  TACTILE  SENSITIVITY  IN  SELECTED  ANIMAL  GROUPS 

Tactile  senses  are  potentially  important  as  accessory  senses  to  other 
tasks  animals  may  be  required  to  perform.  Many  invertebrates  (e.g.,  protozoans, 
flatworms,  anemones,  crustaceans  and  insects)  show  behavioral  responses  to 
minute  tactile  stimuli,  however  such  tactile  sensitivities  have  not  yet  been 
quantified.  Vertebrates,  especially  humans,  cats,  rodents  and  primates  have 
been  more  thoroughly  studied.  Most  mammals  appear  to  have  tactile  sensitivities 
which  are  generally  very  similar  to  man,  however,  unique  tactile  sensitivities 
exist  in  every  class  of  vertebrates  (e.g.,  substrate  vibration  sensitivity  in 
snakes  and  salamanders). 

Generally  speaking,  there  are  two  categories  of  tactile  sensitivity 
in  vertebrates.  The  first  category  includes  internal  tactile  senses  which 
monitor  body  position  and  movement  and  the  status  of  internal  organs.  The 
second  category  of  tactile  sensitivity  is  cutaneous  reception,  including 
mechanoreceptors  and  pain  receptors.  Mechanoreceptors  in  hairless  skin  are 
what  we  consider  to  be  the  "sense  of  touch"  while  mechanoreceptors  in  hairy 
skin  (e.g.,  vibrassae)  afford  some  mammals  with  an  extended  receptive  field. 

Pain  receptors  appear  anatomically  similar  in  all  vertebrate  classes  except 
Elasmobranchi i  (i.e.,  sharks),  but  the  perception  of  "pain"  per  se  can  only 
be  assumed  on  the  basis  of  behavioral  responses  which  are  similar  in  .  .most 
all  vertebrates. 
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ELECTRORECEPTION  AND  MAGNETIC  FIELD  SENSITIVITY  IN  SELECTED  ANIMAL  GROUPS 


Electroreception  and  magnetic  field  sensitivity  are  present  in  a  sur¬ 
prisingly  wide  variety  of  organisms  from  bacteria  to  birds.  Electroreception 
can  be  divided  into  two  categories,  active  and  passive.  Active  electroreception 
occurs  in  two  families  of  fresh  water  fish  and  is  characterized  by  the  animal 
producing  and  receiving  its  own  electric  field,  thus  detecting  nearby  objects 
and  organisms  via  distortions  in  the  field.  Passive  electroreception  involves 
detection  of  electric  fields  produced  by  external  sources.  Passive  electro¬ 
reception  is  present  in  a  wide  variety  of  organisms,  but  is  most  highly  developed 
in  the  sharks  and  rays. 

Magnetic  field  sensitivity  can  be  achieved  via  electromagnetic  trans¬ 
duction,  direct  magnetic  sensitivity,  or  other  unresolved  mechanisms  (see 
Appendix  A).  Bacteria,  insects,  and  snails  utilize  direct  magnetic  sensitivity, 
electromagnetic  transduction  is  utilized  by  elasmobranchs »  and  the  unknown 
mechanisms  of  magnetic  sensitivity  probably  operate  in  the  homing  pigeon  and 
green  sea  turtle. 

Sharks  are  potentially  quite  useful  for  a  variety  of  reasons,  among 
them  being  a  phenomenal  electrical  sense.  Elasmobranchs  can  detect  slowly 
oscillating  electric  fields  of  as  little  as  0.01^<v/cm.  This  ability  is 
normal ly  uti 1 i zed  for  prey  capture  within  1  meter  via  prey  produced  bioelectric 
fields.  Such  sensitive  electroreception  also  allows  detectable  electrical 
transductions  by  a  variety  of  other  useful  stimuli  such  as  current  boundaries, 
thermocl i nes , sal i ni ty  or  chemical  differences  in  the  water,  and  the  earth's 
magnetic  field.  Electrically  mediated  magnetosensitivity  provides  a  shark 
with  compass  direction  as  well  as  information  about  its  own  velocity  and 
direction  of  movement.  Sharks  may  also  be  aware  of  their  latitude  on  the 
globe  by  analysis  of  magnetic  stimuli. 
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MISCELLANEOUS  CAPABILITIES  AND  CHARACTERISTICS 


A  variety  of  miscellaneous  capabilities  and  characteristics  that  can't 
be  classified  into  specific  sensory  modalities  are  mentioned  in  Appendix  A, 
and  thresholds,  if  known,  are  given.  These  abilities  may  possibly  prove  useful 
in  certain  system  contexts . 4 The  capabilities  and  characteristics  worthy  of 

consideration  are  listed  below: 

/ 

•  Diving  abilities,  especially  in  dolphins,  whales,  seals,  and 
a  few  bf  rds 

•  Load  carrying  abilities 

•  Ter  itorial  behaviors 

•  Hibernation 

•  Imprinting  (a  type  of  learning) 

•  Drug  and  hormonal  behavioral  responses 

•  The  potential  use  of  genetic  alternations 

Migrations,  although  amazing  in  length  and  extensively  documented  in 
a  large  number  of  animals,  have  no  apparent  utility  for  the  Coast  Guard  and 
are  therefore  not  discussed. 
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5.0  HISTORICAL  PERSPECTIVE  ON  USES  OF  ANIMALS 


5.1  INTRODUCTION 

5.1.1  Purpose 

This  historical  overview  of  past  animal  uses  along  with  the  following 
summary  of  current  developments  provides  a  valuable  perspective  for  considering 
future  uses  of  animals.  An  understanding  of  the  commonalities  of  successful 
developments  and  the  problems  which  led  to  system  failure  or  disuse  will 
provide  a  basis  for  formulation  of  system  concepts  which  are  useful,  realistic, 
and  durable. 

Biosystems  have  typically  had  histories  of  need,  therefore,  development 
and  use,  followed  by  disuse  and  loss  of  information.  Most  system  developments 
have  been  poorly  documented  and  therefore,  subsequent  developments  have  not 
had  the  benefit  of  an  historical  data  base.  This  perspective  will  provide 
such  a  data  base  and  thereby  prevent  duplicated  efforts. 

This  review  is  bibliographical  in  nature  to  facilitate  research  into 
past  systems  and  make  available  the  information  that  does  exist  on  their 
development  and  use.  Citings  come  from  a  variety  of  scientific,  military, 
and  historical  sources.  A  comprehensive  treatment  of  the  use  of  animals 
for  warfare  and  crime  control  is  in  Lubow's  book,  The  War  Animals. ' 

5.1.2  Organization 

It  is  convenient  to  view  animal  systems  as  having  developed  in  three 
stages,  paralleling  gross  cultural  changes.  Accordingly,  the  review  will  be 
organized  in  a  chronological  order,  and  animal  uses  will  be  reviewed  in  a 
framework  consisting  of  a  hierarchy  of  three  Increasingly  complex  cultures. 

Each  culture  created  certain  needs,  and  therefore,  animal  uses  fulfilling  those 
needs.  The  three  cultural  divisions  are:  hunting  and  gathering,  farming  and 
trading,  and  technical-industrial. 
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After  reading  the  review  of  animai  uses  it  wi 1 1  become  apparent  that 
there  is  a  trend  toward  increasingly  elegant  training  procedures  in  order  to 
modify  and  utilize  the  complex  behavior  of  higher  animals.  A  basic  under¬ 
standing  of  training  principles  and  procedures  is  essential  for  evaluating  the 
feasibility  and  effort  involved  in  developing  a  trained  animal  system. 

Accordingly,  a  brief  description  of  training  principles  is  outlined,  followed 
by  three  examples  (dolphin,  pigeon,  dog)  Illustrating,  via  training  procedures, 
the  underlying  principles. 

5.2  ANIMAL  USES  IN  HUNTING  AND  GATHERING  CULTURES 

These  cultures  were  the  first  formed  and  were  concerned  primarily 
with  obtaining  food  and  shelter.  Animai  uses  were  correspondingly  simple, 
paralleling  simple  cultural  ney.ds.  Obviously,  animals  were  a  source  of  food, 
but  secondary  animal  products  were  also  valuable,  for  example:  pelts,  wool, 
leather,  and  ivory.  Observation  of  the  natural  behavior  of  animals  aided  man. 
Particular  flockings  of  bi rds  were  (and  still  are)  used  to  deduce  the  location  .  i, 
of  fish,  and  cyclic  behavioral  changes  (e.g.,  migration)  helped  indicate  the 
chan'  }  of  seasons.  Another  example  of  utilization  of  natural  behavior  was 
the  use  of  tethered  cormorants  to  capture  fish.  Domestic  dogs  evolved  with 
man,  each  simbiotical ly  providing  special  skills  in  order  to  more  successfully 
hunt,  track  and  kill  other  animals. 

5.3  ANIMAL  USES  IN  FARMING  AND  TRAD  INC  CULTURES 

These  cultures  were  (and  are)  larger  and  more  complex  than  the  primeval 
hunting  and  gathering  types.  With  the  advent  of  farming  and  trading,  communi¬ 
cation  became  important  and  armed  conflict  increased  in  size  and  organization. 

In  addition,  increasing  leisure  time  created  a  need  for  intellectual  fulfillment. 
Each  need  In  the  culture  was  partially  satisfied  by  the  use  of  animats. 

5.3.1  Farming 

Animals  were  captured,  domesticated,  and  eventually  selectively  bred 
to  supply  needs  for  food  and  secondary  animal  products.  The  ever  prer 
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Increasingly  domestic  dog  was  trained  to  guard  property  and  herd  other  domestic 
animals,  while  larger  beasts  pulled  plows,  towed  wagons,  or  turned  wheels  For 
irrigation  or  grinding  grain. 

5-3.2  Trade  and  War 

Many  animals  were  captured  and  trained  to  transport  loads  for  trade  or 
warfare.  Beasts  of  burden  varied  according  tc  what  was  available  in  the  locality. 
The  biggest  docile  herbivore  available  was  generally  used,  for  example:  camels, 
llama,  oxen,  elephants,  donkeys  and  horses.  Wartime  uses  of  animals  became 
significant,  Hannibal's  elephants  being  u  familiar  example.  Two  other  less 
known  wartime  uses  of  animals  are  interesting.  A  biblical  example  (Judges  15:4-5) 
is  that  of  Samson  capturing  foxes,  igniting  their  tails,  and  setting  them 
loose  to  run  through  the  enemies'  fields,  thereby  burning  the  crops.  Also, 

2 

geese  were  used  as  guards  in  ancient  Rome  to  cackle  when  intruders  invaded. 

5.3.3  Communication 

The  earliest  use  of  pigeons  for  communication  dates  to  4500  B.C.  in 
Egypt  and  Iraq.^  Pigeons  were  used  to  send  messages  in  the  Roman  Empire. 

4 

Hundreds  of  years  later,  the  defeat  of  Napoleon  at  the  Battle  of  Waterloo 
was  communicated  by  pigeons.  Use  of  the  pigeon  for  carrying  messages  depends 
on  the  pigeon's  ability  to  return  to  its  home  cage  after  being  carried  many 
miles  away.  In  other  words,  the  system  was  limited  to  carrying  message? 
unidi rectional ly,  and  to  a  fixed  location. 

5.3.**  Companionship  and  Entertainment 

Increased  leisure  time  created  novel  uses  for  animals.  Other  abstract 
uses  of  animals  helped  satisfy  the  need  for  entertainment.  Examples  include 
butterfly  collecting,  pets,  horse  and  dog  racing,  toad  jumping,  and  cockfighting. 
Falconry  was  the  leisure  activity  of  kings.  Many  old  entertainment  uses  have 
remained  through  the  present  and  many  others  have  arisen. 
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5.3.5  Symbols 

Many  animals  were  utilized  as  mascots  or  symbols.  Representative 
examples  are  the  use  of  birds  as:  symbols  of  dieties  (the  Christian  holy 
spirit  is  a  dove),  symbols  of  wisdom  (the  owl),  symbols  of  power  (the  condor 
or  eagle),  and  symbols  of  war  and  peace  (the  hawk  and  dove).  The  examples  of 
animal  symbolism  were  widespread,  varied,  and  have  remained  extremely  useful 
to  the  present  (Smokey  the  Bear,  sacred  cows,  and  a  partridge  in  a  pear  tree). 

5.4  ANIMAL  USES  IN  TECHNICAL- INDUSTRIAL  CULTURES 

All  of  the  aforementioned  animals  are  still  utilized  in  modern 
industrial  nations,  some  for  the  same  basic  purposes,  but  others,  having  been 
replaced  by  mechanization,  are  being  utilized  in  new  ways,  reflecting  new 
needs.  For  example,  the  horse  was  used  for  basic  trade  and  transportation, 
but  having  been  largely  replaced  by  functionally  superior  machinery,  is  now 
being  used  more  for  leisure  activities  such  as  horseback  riding,  rodeo,  racing, 
polo,  fox  hunts,  etc.  Now  different  species  also  are  beirg  employed  in  in¬ 
creasingly  complex  ways  as  our  scientific  knowledge  a'lows  their  exploitation. 
Examples  will  follow. 


5.4.1  Recreation  and  Entertainment 

Recreation  and  entertainment  are  vital  to  industrialized  cultures 
inasmuch  as  they  allow  escape  from  feelings  of  alienation  and  helplessness, 
which  can  become  severe  problems  in  this  type  of  culture.  A  mention  of  the 
massive  use  of  animals  in  this  regard  is  important.  Leisure  employment  of 
animals  is  so  commonplace  we  tend  to  forget  its  magnitude.  Many  animals 
previously  used  for  basic  needs  now  provide  fulfillment  of  our  equally 
important  personal  and  leisurely  desires.  The  horse  is  a  good  example.  Other 
examples  include  the  use  of  would-be  draft  animals  in  hayrides,  circuses, 
and  zoos;  and  the  incredible  number  of  pets  we  own,  reflecting  both  our 
increased  need  for  companionship  and  our  increased  ability  to  pay  for  it. 
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Hunting  and  fishing,  once  a  necessity,  have  become  sports.  Modern  zoos  and 
aquaria;  animal  shows;  horse,  pigeon,  greyhound,  and  turtle  racing;  frog 
jumping,  tropical  fish;  your  dog  or  cat;  Bugs  Bunny  and  Mickey  Mouse;  all 
fill  read  contemporary  needs. 

The  recreational  and  entertainment  uses  of  animals  are  relevant  to 
this  project.  Such  uses  have  contributed  a  great  deal  of  the  knowledge  on 
behavior  of  those  animals  in  captivity,  their  training,  care,  and  breeding. 

5 . 4 . 2  Symbolic  Uses 

Symbolic  uses  of  animals  were  mentioned  in  the  context  of  farming  and 
trading  culture.  Animal  symbolism  is  still  very  important,  and  touches  almost 
every  aspect  of  technical-industrial  culture.  Religions,  political  parties, 
nations,  professional  sports  teams,  in  fact,  most  large  modern  entities  have 
animal  symbols.  This  is  also  especially  true  of  commercial  products;  animal 
use  in  advertising  is  astounding.  No  more  will  be  said  of  symbolic  uses 
except  that  employment  of  animal  symbols  is  widespread  and  effective. 

5.4.3  Medical  and  Scientific  Uses 

Animal  use  in  these  fields  is  massive  and  spans  all  phylogenetic  lines, 
from  bacterial  synthesis  of  antibiotics  and  vitamins  to  the  employment  of 
higher  primates  in  testing  the  new  and  dangerous  technologies  of  space,  the 
deep  sea,  and  potentially  toxic  drugs  and  chemicals.  Examples  are  too 
numerous  to  mention  or  even  classify.  Bionics  (a  new  field  concerned  with 
.utilizing  animal  capability  and  structure  as  a  source  of  engineering  ideas) 
is  a  noteworthy  area  of  modern  animal  use. 


5.4.4  Organism  Control 


With  increasing  ecological  knowledge,  it  is  becoming  possible  to  control 
the  spread  of  organisms  which  are  creating  problems  for  man  with  other  organisms 
of  the  same  or  different  species.  An  example  is  the  successful  introduction  of 
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Chrysolina  quadrigemina  (beetle)  into  Northern  California  to  combat  the  epidemic 
spread  of  Klamath  weed  (Hypericum  perforatum).  Another  example  was  the 
successful  introduction  of  Cactoblastis  moths  to  eat  prickly  pear  cactus  flowers 
and  thereby  stop  epidemic  prickly  pear  infestation  in  Australia.^  Sometimes 
such  uses  can,  in  the  long  run,  have  adverse  consequences.  The  organism 
introduced  as  the  control  measure  can  multiply  rapidly  and  start  consuming 
desirable  plants  or  animals.  This  undesirable  situation  has  occurred  several 
times  as  a  result  of  accidental  or  intentional  animal  introductions,  examples 
of  which  will  follow.  The  mongoose  was  introduced  to  Hawaii  to  control  rodent 
infestation  (also  introduced)  but  the  scheme  failed  and  the  mongoose  population 
survived  by  eating  the  eggs  of  endemic  birds,  thereby  endangering  several 
species.  The  introduction  of  many  placental  mammals  to  Australia  has  led  to 
extinction  of  endemic  marsupial  forms.  A  final  Hawaiian  example  is  the 
introduction  of  nonendemic  birds  which,  by  a  combination  of  factors  including 
disease  and  competition,  have  caused  widespread  extinctions  of  native  birds. ^ 
This  potential  danger  is  always  present  because  of  our  lack  of  thorough 
understanding  of  complex  ecological  interactions. 

A  variety  of  animal  mechanisms  for  controlling  the  spread  of  insects 
are  known.  An  example  is  raising  quantities  of  males,  sterilizing  them,  and 
then  releasing  them  in  an  infested  area.  This  controls  the  population  growth. 
Also,  by  use  of  synthetic  pheromones,  males  can  be  attracted  to  a  location 
and  poisoned.  Predatory  insects  and  birds  have  also  been  used  with  more 
1 i mi  ted  success . 

5.4.5  Use  of  Untrained  Animals  as  Sensors 

With  recent  advances  in  electronic  sensors,  our  awareness  of  the 
unique  sensory  capabilities  of  animals  decreased  and  has  only  recently 
been  revived.  The  following  are  examples  of  attempts  to  utilize  these 
sensory  capabilities  in  untrained  animals  for  detection  functions. 


-73- 


5. A. 5.1  I nsects .  Insects  have  been  Incorporated  into  several 
detection  systems.  The  isolated  abdominal  segments  of  the  honey  bee 
(Apis  mellifera)  have  been  used  in  a  pharmacological  test  system.  Many 
compounds  applied  at  the  severed  node  will  induce  a  unique  and  recordable 
series  of  movements  in  the  abdomen.  The  characteristic  movement  can  be 
used  to  determine  the  presence  of  particular  chemicals  in  a  sample.^ 

Examples  of  the  sensitivity  of  this  system  will  be  given  in  the  appendix. 

Much  work  was  done  on  a  human  intruder  early  warning  system  for  a 
jungle  environment.  By  monitoring  ambient  jungle  noise  (primarily  insects 
and  birds),  "normal"  vs.  "intruder"  noise  levels  were  discernable,  but  the 

g 

system  was  judged  not  specific  enough  for  operational  use. 

Another  system  was  devised  for  trail  monitoring  using  a  variety  of 

insects  as  indicators  of  a  human  presence.  The  insects  used  were  those 

which  quickly  detect  and  respond  to  humans,  e.g.,  ticks,  mosquitoes,  bedbugs, 

and  cone  nose  bugs.  Three  related  systems  were  organized  and  tested,  but 
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showed  only  mi  Idly  encouragi  ng  results. 

A  CIA  system,  though  of  dubious  validity,^  at  least  had  a  firm 
theoretical  basis.  Its  purpose  was  to  determine  if  a  selected  individual 
was  visiting  a  certain  location.  The  system  involved  the  use  of  female 
cockroach  sex  pheromone  to  identify  places  visited  by  human  individuals 
covertly  marked  with  the  pheromone.  Male  cockroaches  respond  vigorously 
to  extremely  low  concentrations  of  specific  sex  attractant  molecules 
(pheromones)  produced  by  female  cockroaches.  Caged  male  cockroaches  were 
brought  to  the  location  which  the  selected  person  was  thought  to  have 
visited.  Their  activity  confirmed  the  suspicions  that  the  individual  had 
been  at  that  location. 

5. **.5. 2  Vui  tures .  Turkey  vultures  are  among  the  few  avians  capable 
of  good  olfaction,  and  were  used  to  detect  leaks  in  terrestrial  gas  lines. 
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Ethyl  mercaptan  (an  odorous  substance  in  carrion)  was  pumped  into  the  leaking 
lines,  and  aggregations  of  the  wild  vultures  indicated  the  location  of  the 
leaks.12’13 

5. 4. 5. 3  Turtles .  The  snapping  turtle,  "dog  of  the  American  inland 
lakes,"  was  used  to  recover  a  murder  victim  weighted  to  the  bottom  of  a 
turbid  lake.  Via  olfaction,  the  turtle  was  able  to  locate  and  feed  on  the 
body  that  the  police  could  not  find.  Recovery  involved  following  a 
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string  tied  to  the  turtle's  shell  to  the  location  of  the  gruesome  feast.  ’ 

5. 4. 5. 4  Killer  Wha les .  Playback  of  recordings  of  killer  whale 
sounds  is  reported  to  sometimes  discourage  sea  lions  and  pilot  whales  from 
entering  an  area.  The  technique  has  been  tested  and  shows  a  potential  for 
keeping  those  animals  from  competing  with  fishermen.^  Finally,  a  system 
has  been  considered  for  obtaining  oceanographic  data  by  using  instrumented 
and  radio-tagged  cetaceans  linked  with  satellite  communication  systems. ^ 


5.4.5 


>read  Incindiaries 


A  bizarre  WWI I  system  never  reached  operational  status  though  it 
showed  considerable  potential.  Incindiary  devices  with  delayed  fuses  were 
surgically  attached  to  bats  by  strings.  The  idea  was  to  air-drop  thousands 
of  bats  clustered  in  bomb-like  containers  over  a  target  city  where  the  bats 
would  disperse  and  hide  in  buildings  city-wide,  storting  thousands  of  fires. ^ 
The  project  was  dropped  when  escaped  bats  at  the  Carlsbad  Caverns  test 
site  started  fires  that  destroyed  a  general's  auto  and  a  two  million  dollar 
airplane  hangar.  Later  efforts  to  revive  the  project  involved  putting  the 
bats  in  hypothermia  (hibernation)  before  the  air  drop  (so  they  wouldn't 
chew  through  the  strings)  and  assuming  they  would  come  out  of  torpor  during 
the  long  fall  toward  earth.  The  assumption  was  wrong,  the  bats  fell  to  their 
deaths,  and  the  project  wis  finally  dropped. 
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5.4.7  Porpoises  as  Indicators  of  Tuna  Schools 


Here  is  a  classic  example  of  how  the  observat  ions  of  wild  animals 
can  support  human  endeavors.  Yellow  fin  and  skipjack  tuna  typically  run 
in  schools  under  herds  of  some  species  of  porpoises  (specifically  the  eastern 
spinner,  spotted  ,  white  belly  spinner,  and  common  dolphin).  Fishermen 
look  for  those  dolphins  on  the  surface  and  then  surround  the  herds  with 
huge  purse  seine  nets.  The  tuna  underneath  the  dolphins  are  then  hauled 
in.  This  practice  resulted  in  a  great  mortality  among  the  porpoises  also 
trapped  inside  the  nets.  However,  the  development  of  new  techniques  for 
getting  the  porpoises  out  of  the  nets  without  losing  the  tuna  is  alleviating 
that  problem. 

5.4.8  Trained  Animals 

Advances  in  training  theory  and  procedures  have  allowed  innovations 
in  the  use  of  higher  animals.  Operant  conditioning  is  an  important  avenue 
for  the  commun i cat  ion  of  information  that  an  animal  senses,  as  well  as 
utilization  of  a  higher  animal's  capability  of  performing  relatively 
complicated  tasks.  Elegant  training  combined  with  instrumentation  has 
allowed  the  synthesis  of  many  operational  systems.  Most  of  these  systems 
involved  marine  mammals,  pigeons,  and  dogs,  examples  of  which  will  follow. 

The  purpose  here  is  to  give  examples  of  trained  higher  animal  caoabilities 
utilized  in  past  systems.  Training  theory  and  techniques  will  be  presented 
later. 


5.4.8. 1  Marine  Mammal  Systems.  The  Navy  is  currently  doing  work  with 
marine  mammals  which,  along  with  other  current  research,  will  be  considered 
later.  Operational  systems  previously  developed  will  be  reviewed  below. 

Cetaceans  have  been  trained  for  release  in  the  open  ocean  since 
1965^  and  because  of  their  excellent  acoustic  sensory  capabilities  and 
diving  abilities,  can  frequently  accomplish  tasks  more  efficiently  and 
safely  than  men.  Cetaceans  have  been  trained  to  locate  and  mark  pingered 
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objects  for  diver  recovery.  Such  marked  objects  include  mines,  depth 

charges,  rocket  cradles,  and  other  military  ordnance.'^  During  the  man-in-the- 

sea  program,  a  45"day  saturation  dive  at  205  feet,  dolphins  carried  objects 

between  the  surface  and  the  fixed  bottom  location  and  were  trained  to  carry 
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a  safety  line  to  a  diver  in  distress.  * 

In  Project  Deep  Ops,  killer  and  pilot  whales  were  trained  to  locate, 

mark,  and  recover  pingered  cylindrical  objects  by  clamping  onto  those  objects 
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a  gas  generator  which  made  them  buoyant.  ’  In  the  course  of  training,  ki 1 ler 
whales  dove  to  a  maximum  of  850  feet  while  a  pilot  whale  reached  1645  feet. 

The  fastest  dive  was  accomplished  by  a  killer  whale  that  descended  750  feet 
and  returned  in  7  minutes  40  seconds. 

Project  Quick  Find  is  an  object  recovery  system  involving  attachment 

of  a  recovery  device  to  9KHz  pingered  objects  by  the  California  sea  lion 

(Zalophus  ca 1 i forn ianus) .  The  sixteen  month  conditioning  program  produced 

animals  that  were  capable  uf  retrieving  torpedoes  and  ASROC  depth  charges 

at  depths  of  250  feet,  in  rough  weather,  and  unfamiliar  areas.  Sea  lions 

tow  a  line  or  cable  and  clamping  device  from  a  small  recovery  boat  to 
1 9 

the  target  object.  The  system  is  currently  in  regular  operational  use 
by  the  Navy  to  recover  weapons  undergoing  quality  assurance  tests.  It  is 
considered  highly  successful  because  of  its  reliability,  the  reduction  in 
risks  to  human  divers,  and  reduced  recovery  cost. 

5. 4. 8. 2  Pigeon  Systems.  As  mentioned  earlier,  pigeons  have  been  used 
for  communication  for  thousands  of  years.  Recently,  however,  some  uses  have 
become  more  complex. 

The  homing  pigeon  was  used  extensively  in  World  War  I  by  both  the 
Germans  and  the  Allies  to  carry  messages  from  front  line  units  to  rear  area 
command  posts.  The  animals  succeeded  in  delivering  messages  when  the 
devastating  gunfire  shattered  hard  wire  communications  or  prevented  couriers 
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from  getting  through.  For  example,  in  the  Meuse-Argonne  offensive,  M2  birds 
delivered  403  messages  safely,  the  distance  varying  from  12  to  30  miles.  All 
important  messages  were  delivered.  In  the  battle  of  Verdun,  a  pigeon  named 
Cher  Ami,  though  severely  wounded,  covered  a  distance  of  forty  kilometers  in 
twenty-five  minutes  and  delivered  a  message  which  is  credited  with  saving 
members  of  the  "Lost  Batallion,"  a  unit  completely  cut  off  by  the  enemy. 

Also  in  WWI,  British  pigeons  were  air-dropped  in  baskets  over  friendly 
areas  where  local  people  banded  on  useful  information  which  the  pigeons  then 
returned  to  headquarters  with  a  95%  return  rate.  Another  British  system 
utilized  pigeon  release  from  downed  aircraft  in  the  English  Channel  to 
communicate  information  on  the  crash  site.  Seven  hundred  and  seventeen 
successful  reports  of  downed  aircraft  locations  were  communicated  in  this  way. 
Early  in  World  War  il  the  Germans  instrumented  homing  pigeons  with  tiny 
cameras  with  which  they  obtained  photo  reconnaissance  on  the  French  Maginot  Line. 

A  World  War  II  application,  Project  Pelican,  was  a  pigeon-guided 
missile  system  that  was  apparently  feasible  but  never  became  operational. 

Pigeons  were  trained  in  a  simulator  to  detect  and  track  the  picture,  projected 
on  a  screen,  of  a  target  ship.  The  intent  was  to  carry  the  birds  and  use 
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their  responses  of  pecking  at  the  image  of  the  target  to  guide  the  missiles. 

Pigeons  will  work  for  several  hours  without  loss  of  attention  to  their 
task.  They  have  good  color  vision,  and  therefore  have  high  potential  for  simple 
visual  discrimination  tasks.  Pigeons  have  been  succe'jfully  used  for  quality 
control  discriminations  of  capsules  and  diodes.  They  typically  worked  at  a 
rate  of  1000  selections  per  hour  for  four  hours  straight  with  very  good 
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Ambush  Detection  Systems  were  proposed  for  use  in  Vietnam  based  on 
the  pigeons'  ability  to  form  "constancy."  Constancy  is  the  ability  to 
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recognize  an  object  (a  man)  as  being  the  same  object  even  though  the  image 

on  the  retina  changes  in  time  (man  clothed,  naked,  hiding,  lying  down,  etc.)^  ^ 

White  Charneau  Pigeons  were  trained  to  recognize  men  and  respond  to  them  in 

some  reportable  way.  The  system  Involved  release  of  the  bird,  a  controlled 

reconnaissance  flight  over  the  requried  area,  a  report,  and  return  to  the 
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release  point.  This  system  was  never  fully  developed  due  to  cost  and 

lengthy  research  and  the  training  necessary,  especially  with  regard  to 
controlled  flight. 

Another  proposed  system  utilizing  form  constancy  was  to  employ 

pigeons  in  reviewing  masses  of  U.S.  satellite  photo  reconnaissance  to 

determine  "man-made"  vs.  "non-man-made"  objects,  thereby  eliminating  much 

useless  photo  reconnaissance  data  and  freeing  analysts  to  work  only  on  photos 
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with  man-made  objects  in  them.  *  *  The  system  was  never  fully 

developed,  but  constancy  was  formed  in  pigeons  trained  for  the  idea  of 
"man-made  objects,"  with  about  84%  correspondence  with  human  observer 
j  udgments . 

5 . 4 . 8 . 3  Dog  Systems.  Dogs  are  friendly  and  cooperative  with  their 
trainers,  easily  motivated  by  food  and  other  rewards,  and  possess  excellent 
olfaction.  These  and  other  qualities  have  allowed  the  synthesis  of  many 
operational  dog  systems,  representative  examples  of  which  are  described 
below. 


Newfoundland  dogs  were  specially  bred  and  used  as  shipboard  work 
dogs  (e.g.,  overboard  recovery,  line  carrying  between  ships,  and  security) 
by  the  British  Navy  in  the  last  century. 

A  very  old  training  objective  has  been  the  attack  dog,  the 

applications  of  which  are  obvious  (e.g.,  riot  control).  Related  to  this 

is  the  employment  of  dogs  in  tracking,  as  has  been  commonly  done  with 
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bloodhounds  in  tracking  escaped  prisoners  and  missing  persons.  Systems 
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have  been  developed  to  increase  the  efficiency  of  dog  tracking,  ’  many 
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include  the  use  of  squalene,  a  chemical  well  suited  to  this  purpose.  * 

Squaline  is  a  chloresterol  by-product  produced  in  human  skin  as  a  constituent 

of  sweat,  but  can  be  found  in  quantity  in  shark  liver  oil.  It  is  odorless 

to  humans,  but  dogs  are  extremely  sensitive  to  it  even  after  it  has  been 

exposed  to  weathering  for  several  weeks. ^  Dogs  can  be  trained  to  track 

squaline  in  extremely  low  concentrations,  and  by  squaline  marking  border 

areas  or  prison  clothing,  etc.,  many  improved  tracking  systems  have  been 
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devised.  Dogs  can  also  distinguish  human  odors  more  readily  if  the 

human  target  differs  in  diet  from  other  humans  in  the  area.  Scenter  shoes 

have  also  been  proposed  as  aids  in  tracking.'  Squaline  has  also  been 

used  to  mark  the  flight  recorder  in  aircraft  to  allow  more  efficient  recovery 

Counter  systems  to  confound  dog  tracking  abilities  have  been  considered, 

including:  drugs  mixed  with  Dimethyisul fate,  cocaine,  strychnine,  tannic  acid 
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obnoxious  odors,  and  odor  of  female  dogs  in  heat. 

Narcotics  detection  has  also  been  a  successful  function  of  trained 
dogs.  Canines  have  been  trained  to  respond  to  opium,  hashish,  marijuana, 
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cocaine,  and  pure  heroin.  3  Users  have  judged  the  operational  system 
as  being  very  effective. 

Explosive  detection  systems  have  also  worked  effectively  if  dogs 
have  been  trained  to  work  in  the  particular  environment  requi  red  .^*^5 
Army,  Customs  Service,  RCMP,  FBI  FAA  and  LEAA,  etc.,  have  all  used  dogs 
effectively  for  explosive  detection.  Dogs  have  been  demonstrated  to  be 
highly  sensitive  to  various  explosives,  including  PETN,  RDX,  TNT,  black 
powder,  ammonia  nitrate,  potassium  chlorate,  nitroglycerine,  the  plastic 
explosives  C-3  and  C-A,  and  ethelyne  glycol  dinitrate. ^  ^ 

Operational  systems  in  Vietnam  utilized  dogs  to  detect  mines,  booby 
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traps,  pungi  pits,  tunnels,  and  tripmines  with  significant  success. 


The  Army  conducted  a  thorough  experimental  evaluation  of  its  mine 
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detecting  dogs  in  two  locales.  One  simulated  a  middle  European  theater 
of  operations  during  winter  and  spring.  The  other  corresponded  to  the 
Middle  East  in  fall  and  summer.  A  variety  of  practice  mines  (inert)  and 
distractants  were  deployed  in  the  test  areas  as  well  as  several  different 
kinds  of  live  (unfused)  mines.  Between  67.3  and  85.7  percent  of  the  targets 
were  detected  in  the  spring,  summer,  and  fall  tests.  During  the  winter  with 
^  temperatures  aroung  0°C  and  between  30  and  60  cm  of  snow  on  the  ground, 
detection  fell  to  IU.  The  study  compared  the  dogs  with  a  metal  ic  mine 
detector  (AN/PSS-U).  It  concluded  that  the  two  were  about  the  same  in 
detection  range  and  search  rate,  but  the  dogs  were  superior  in  terms  of 

number  of  types  of  detectable  explosive  objects  and  in  false-alarm  performance. 

» 

g||  gr 

Body  recovery  dogs  have  been  trained  and  tested  ’  and  others 
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employed1’  in  an  actual  operation  in  the  Sinai  desert  after  the  Yom  Kippur 
War.  The  tests  and  operational  use  of  body  recovery  dogs  show  excellent 
potential  for  use  of  dogs  in  this  application,  even  in  varied  weather,  soil, 
depth,  and  age  conditions. 

Dogs  have  been  trained  and  tested  for  ambush  detection,  area  patrol 
and  scouting,  and  the  use  of  radio  controlled  brain  implanted  electrodes  has 
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been  suggested  to  provide  electronic  reward.  ’  ’ 

Also,  a  motion  sensitive  radio  telemetry  system  (with  a  personnel  alert 

device)  has  been  devised  and  tested.  The  system  provides  a  constant  monitor 

on  the  dogs'  activities  and  has  demonstrated  feasibility  for  personnel 
90 

reconnaissance.  Infrared  emitters  have  been  designed  and  tested  for 

9) 

locating  patrol  and  sentry  dogs  at  night. 

Finally,  in  Project  Waterdog,  a  SCUBA  swimmer  detection  system  has 

been  devised  and  tested  in  which  dogs  in  a  patrol  boat  detect  underwater 
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swimmers  by  odors  in  their  bubbles."  ' 
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5. 4. 8. 4  Other  Systems.  Stressful  Individuals  sometimes  have  elevated 
epinephrine  levels  in  the  sweat  of  their  palms.  This  fact  has  been  utilized  in 
a  proposed  system  in  which  gerbils  are  trained  to  avoid  a  shock  in  the  presence 
of  elevated  epinephrine,  and  thereby  expose  stressful  persons.  This  speculative 
system  has  been  proposed  to  detect  smugglers  and  hijackers  at  airports,  but 
no  operational  systems  have  resulted.9^  However,  it  is  noteworthy  that 
behavioral  evidence  does  exist  that  rodents  (rats)  can  detect  and  respond  to 
an  odor  in  TNT.  94-100 

Seagulls  were  utilized  by  the  British  in  WWI I  as  German  U-Boat 
detectors.  By  frequent  release  of  edible  debris  from  their  own  submarines, 
the  British  conditioned  seagulls  to  follow  the  dark  shadow  of  a  submerged 
submarine.  Thereafter,  any  aggregation  of  seagulls  not  associated  with  a 
known  British  submarine  location  was  investigated. 

5.5  TRAINING  PRINCIPLES  AND  PROCEDURES  '>,9»83»  101 » 1 02 

The  central  problem  in  developing  systems  which  use  trained  animals 
is  establishing  communications  between  man  and  animals.  Man  must  communicate 
the  desired  set  of  behaviors  to  the  animals,  and  a  mechanism  must  be 
established  for  the  animals  to  convey  to  man  the  information  which  their 
senses  obtain.  To  date,  operant  conditioning  has  been  the  only  vehicle 
available  to  provide  such  communication. 

5.5.1  Learning  Models 

Operant  (Skinnerian)  and  Classical  (Pavlovian)  conditioning  are 
two  thoroughly  tested  learning  models  employed  in  animal  training.  Both 
contribute  to  the  acquisition  of  complex  behavior,  and  it  is  difficult  to 
separate  their  contributions.  The  basic  distinction  between  them  is  that  in 
operant  conditioning,  an  animal  is  allowed  to  move  on  its  own  and  desirable 
behaviors  are  reinforced,  while  in  classical  conditioning,  a  stimulus  and 
response  are  repeatedly  paired  and  thus  an  association  is  formed  without 
freedom  of  response  in  the  animal. 
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5.5* 1.1  Operant  Conditioning.  Operant  conditioning  is,  for  our 
purposes,  the  more  important  of  the  two  learning  models.  It  is  any  learning 
based  on  response  contingent  reinforcement.  In  other  words,  only  one  type  of 
behavior  is  reinforced,  therefore  the  animal  learns  to  repeat  the  behavior, 
and  performance  is  measured  by  the  consistency  or  frequency  of  that  behavior. 

So  operant  behavior  is  controlled  by  subsequent  reinforcement  or  reinforcement 
contingent  on  execution  of  a  prescribed  behavior. 

Reinforcement  can  be  positive  (reward)  or  negative. 

Positive  reinforcement  tends  to  increase  the  probability  of  occurrence  of 
the  behavior  that  precedes  it,  and  the  converse  holds  true  for  punishment. 

So  positive  reinforcement  is  useful  in  encouraging  new  behaviors  or  sequences 
of  behaviors,  and  punishment  is  useful  for  eliminating  unwanted  behavior. 

Many  subclasses  of  Operant  conditioning  exist.  A  relevant  example  is 
discriminative  vs.  nondiscriminati ve  operant  conditioning. 

Nondi scr imi nati ve  operant  conditioning  (simple  reward  training)  involves 
giving  positive  (rewarding)  reinforcement  of  a  primary  and/or  secondary  nature 
after  a  desired  animal  response.  Primary  positive  reinforcements  are  unlearned 
rewards  such  as  food,  water,  or  petting.  Secondary  positive  reinforcements 
are  learned  cues  associated  with  primary  reinforcement  in  the  past.  In 
discriminative  operant  conditioning,  positive  reinforcement  also  follows 
desired  behavior,  but  only  in  the  presence  of  a  stimulus  (verbal  command,  bell, 
light,  etc.)  that  signals  the  availability  of  the  primary  reinforcement . 

Thus,  the  animal  learns  to  respond  only  when  the  stimulus  is  given  by  the 
trainer,  thereby  bringing  the  resoortse  under  the  control  of  the  trainer. 

For  example,  a  dog  can  be  nondiscriminatively  trained  to  voluntarily  sit  at 
any  time  to  obtain  a  food  reward  and  di scr iminat I vely  trained  to  sit  only  when 
a  stimulus  (the  odor  of  explosives)  is  present. 

Another  relevant  principle  of  operant  conditioning  is  ’’shaping"  or  the 
method  of  successive  approximations.  In  order  to  design  a  completely  new 
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behavior,  positive  reinforcement  is  given  in  a  series  of  successive  steps 
such  that  a  behavior  is  shaped,  bit  by  bit,  until  the  desired  ultimate 
behavior  is  achieved.  For  example,  to  teach  a  dolphin  to  touch  an  object, 
the  following  euccessive  approximation  scenario  might  be  used.  After  placing 
the  object  to  be  touched  in  the  tank,  the  dolphin  is  positively  reinforced 
every  time  it  enters  the  general  area  of  the  tank.  Soon,  the  dolphin  will  learn 
to  spend  most  of  its  time  in  that  area,  and  reinforcement  can  be  restricted 
to  when  the  dolphin  moves  within  five  feet  of  the  object  and  is  oriented 
toward  it.  Next,  reinforcement  is  successively  restricted  to  three  feet, 
two  feet,  one  foot,  and  finally,  given  only  when  the  dolphin  touches  the  object. 
Thus,  by  reinforcing  successive  spatial  approximations,  the  ultimately  desired 
behavior  was  eventually  achieved. 

The  application  of  reinforcement  immediately  following  a  behavior 
is  absolutely  essential  to  operant  conditioning.  Conditioned  stimuli  or 
secondary  reinforcers  are  thus  useful  in  operant  conditioning  because  timely 
primary  reinforcement  of  a  desired  behavior  is  often  not  possible  due  to 
animal  inaccessabi 1 ! ty  (e.g.,  how  do  you  immediately  reinforce  a  cetacean  for- 
touching  an  object  at  a  depth  of  1 6?0  feet?),  but  a  secondary  reinforcer 
(e.g.,  a  transmitted  tone)  can  provide  this  immediate  reinforcement. 

Partial  reinforcement  is  another  important  tool  in  behavior  modifi¬ 
cation.  By  rewarding  every  nc  response,  or  by  rewarding  a  constant 
proportion  of  the  responses  on  a  random  basis,  behaviors  tend  to  persist, 
i.e.,  resist  extinction  after  removal  of  reinforcement ,  longer  than  behaviors 
that  were  reinforced  after  every  response.  Many  schedules  of  Intermittent 
reinforcement  ar<*  possible  and  all  help  create  consistent,  reliable  and  durable 
behaviors. 

5. 5. 1.2  Classical  Conditioning.  The  essential  components  of 
classical  conditioning  are  an  unconditioned  stimulus  which  produces  an 
unconditioned  response,  and  a  conditioned  stimulus  that  does  not  initially 
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produce  the  unconditioned  response.  For  example,  a  dog  naturally  salivates 
(unconditioned  response)  when  it  sees  its  food  (unconditioned  stimulus).  If 
a  conditioned  stimulus  (a  bell)  is  repeatedly  presented  immediately  before 
and  current  with  the  conditioned  stimulus  (food),  soon  the  conditioned 
stimulus  (bell)  alone  will  result  in  a  response  similar  to  the  unconditioned 
response  (salivating).  So  classical  conditioning  is  the  learning  method 
by  which  conditioned  stimuli  become  associated  with  unconditioned  stimuli. 

This  is  how  secondary  reinforcers  work,  since  secondary  reinforcers  are  just 
conditioned  stimuli  that  become  associated  with  unconditioned  stimuli 
(primary  reinforcers).  The  secondary  reinforcer,  like  the  unconditioned 
stimuli,  does  not  satisfy  an  innate  need  (e.g.,  food  and  water),  but  is 
effective  in  maintaining  the  conditioned  response  through  previous  association 
with  the  primary  reinforcer. 


5.5.2  Procedures 

The  following  examples  demonstrate  the  training  principles  just 
described  as  employed  in  previously  used  animal  systems.  The  examples  will 
serve  three  functions:  provide  clarification  of  the  training  principles 
already  described,  introduce  some  additional  principles,  and  also  provide 
more  information  on  animal  systems  already  mentioned. 


5.5.2. 1  Dolphins  and  Whales.  The  following  scenario  might  be  used  for 
training  a  dolphin  to  report  on  the  presence  or  absence  of  an  object. ^ 
Initially,  the  dolphin  is  trained  to  station  at  some  spatial  point  (e.g.,  a 
hoop)  by  operant  conditioning  and  positive  reinforcement.  Next,  a  stimulus 
(an  acoustic  tone)  is  used  to  indicate  to  the  animal  when  stationing  is 
desired.  That  hoop  serves  as  a  discriminative  stimulus  which  signals  the 
animal  that  reinforcement  will  be  forthcoming  if  the  desired  response  is 
emi tted. 


The  dolphin  is  next  taught  to  report  on  the  presence  of  an  object  by 
pressing  on  a  paddle.  This  is  accomplished  by  first  shaping  the  paddle 
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pressing  behavior  and  later  giving  positive  reinforcement  only  when  an  object 
is  present  downfield.  Another  paddle  can  later  be  added  for  a  "no  object 
downfield"  report.  The  reporting  behavior  is  also  put  under  the  control  of  a 
discriminative  stimulus  (i.e.,  a  different  acoustical  tone).  Following  this 
stage,  the  dolphin  is  taught  by  simple  post tive  „ reinforcement  to  report  more 
distant  objects  by  moving  the  objects  incrementally  further  away  toward  maximum 
range. 


These  behaviors  can  be  chained  together.  "Chaining"  is  achieved  by 
creating  a  situation  in  which  the  completion  of  each  behavior  in  a  series  is 
both  a  secondary  reinforcer  for  the  completed  behavior  and  a  stimulus  for 
initiation  of  the  following  behavior.  Usually,  when  chaining  behaviors,  the 
final  behavior  in  the  chain  is  taught  first,  and  behaviors  that  will  precede 
It  are  each  trained  separately  and  added  to  the  chain.  Upon  completion  of 
a  behavioral  chain,  a  secondary  reinforcement  is  usually  given  signaling  the 
availability  of  primary  reinforcement  (food).  Partial  reinforcement  can  be 
used  to  extend  the  life  of  the  response  in  the  absence  of  reinforcement. 

So,  upon  delivery  of  an  acoustic  stimulus,  the  dolphin  goes  to  station,  scans 
the  downfield  area  for  the  presence  of  an  object,  reports  on  paddles  the 
presence  or  absence  of  the  downfield  object,  then  receives  a  food  reward. 

This  is  an  example  of  an  in-pen  task.  An  operational  field  system  involves 
utilization  and  integration  of  other  chains  of  behaviors,  their  number  and 
complexity,  depending  on  the  task. 

Two  other  techniques  are  useful  in  dolphin  training.  Prompting  is 

simply  using  a  previously  established  discriminate  stimulus  to  hasten  the 

shaping  technique.  For  example,  a  dolphin  taught  to  touch  an  acoustic  beacon 

can  be  taught  to  swim  through  a  gate  (which  they  are  reluctant  to  do)  by 

placing  the  beacon  to  be  touched  success i vely  fur  the r  through  the  gate. 

Fading  is  another  useful  conditioning  method  used  for  transferring  control 

over  a  response  from  one  discriminative  stimulus  to  another.  An  example  is 

109 

errorless  reversal  learning  in  the  California  sea  lion. 
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Finally,  it  is  important  to  note  the  usefulness  of  a  mild  form  of 
punishment  for  training  animals.  Removing  the  test  equipment,  trainer,  and 
therefore,  the  source  of  food,  from  the  pen  is  called  a  "time  out,"  and  can  be 
very  useful  for  eliminating  undesired  behavior  or  inappropriate  responses. 

5. 5. 2. 2  P i geon .  During  WWII,  pigeons  were  trained  by  B.F.  Skinner 

to  track  targets  in  order  to  supply  on-board  guidance  to  a i r-to-surface 
25 

missiles.  The  training  was  accomplished  by  methods  already  described,  with 
shaping  playing  an  especially  prominent  role.  First,  the  pigeons  were 
reduced  to  80$  of  the  free  feeding  weight  to  ensure  food  as  an  adequate  primary 
reinforcer.  The  pigeon  was  then  fitted  with  a  harness  around  its  neck  that 
amplified  the  head  movements  into  the  gross  movement  of  a  hoist  apparatus 
in  which  the  pigeon  rested. 

A  target  was  presented  to  the  pigeon  with  its  favorite  grain  at  the 
bullseye,  so  by  moving  its  head,  the  pigeon  could  reach  the  grain  and  eat. 
Tracking  behavior  was  shaped  by  moving  the  whole  hoist  apparatus  across  a 
room  toward  the  target  in  successively  longer  and  faster  runs.  The  pigeon 
learned  to  guide  the  hoist  apparatus  to  the  bullseye  while  it  approached 
rapidly  from  different  angles  and  distances. 

A  noving  target  was  later  projected  on  a  screen  directly  in  front  of 
the  bird,  and  the  locus  of  pecking  on  the  screen  determined  direction  of 
guidance.  Fading  was  used  to  facilitate  this  stimulus  changeover.  In 
addition,  partial  reinforcement  was  introduced  to  prolong  the  tracking 
behavior.  In  the  final  system,  it  was  proposed  that  three  birds  be  placed 
in  the  nose  of  the  missile  and  their  average  output  be  used  to  guide  it 
to  the  target.  Tests  showed  excellent  potential  for  the  system,  but  it  never 
reached  operational  status,  apparently  due  to  bias  about  the  assumed  absurdity 
of  a  "pigeon-guided  missile."*^ 
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5. 5. 2. 3  Dogs .  The  training  of  mine  dogs  is  a  good  representative 
example  of  all  dog  training  involving  operant  conditioning  with  food  rein¬ 
forcement.  The  object  of  training  was  a  reliable  detect,  approach,  and 
sit  response  within  two  feet  of  a  buried  mine.^  8->>l  15-125 

Dogs  were  obedience  trained  with  typical  classical  and  operant 
conditioning  and  both  positive  and  negative  reinforcement.  Nondi scr imi nat i ve 
operant  conditioning  followed.  Mines  were  laid  out  in  the  open  along  a 
test  course  with  a  portion  of  food  on  each  one.  The  dogs  were  allowed  the 
freedom  of  finding  the  mines  and  food  along  the  course,  but  if  a  mine  was 
missed,  the  dog  was  walked  back  to  make  another  pass  over  the  area.  At  the 
rate  of  48  trials  (mines)  per  day,  it  took  4-8  days  for  the  dogs  to  achieve 
a  stable  speed  over  the  course.  Next,  partial  reinforcement  was  introduced 
(only  one-half  the  mines  had  food)  and  if  mines  were  missed,  the  dogs  were 
run  through  the  previous  learning  stage  again. 

Once  the  course  time  had  stabilized  again,  the  dogs  advanced  to  the 
next  stage.  A  sit  response  was  forced  on  the  dog  and  immediately  followed 
with  food  reinforcement  at  each  mine.  The  dog  was  kept  sitting  until  the 
command  "move  out"  was  given.  If  a  mine  was  missed,  the  dog  was  walked  back 
and  put  in  a  forced  sit  in  front  of  it  for  one  minute  without  reinforcement. 
When  dogs  were  capable  of  six  serial  voluntary  sit  responses,  they  adva  ced 
to  the  next  stage.  In  this  stage,  reinforcement  was  limited  to  voluntary 
sit  responses  within  two  feet  of  the  mine  and  within  six  seconds  of  arrival, 
thus  speed  and  proximity  to  the  mine  were  shaped.  After  dogs  achieved  9  of 
12  correct  responses  on  two  consecutive  runs,  they  advanced  again.  In  order 
to  remove  the  trainer  from  the  dogs'  immediate  vicinity,  the  dogs  were  put 
on  25  foot  leashes  and  given  secondary  reinforcement  for  appropriace  responses. 
After  a  few  problems,  proficiency  returned  and  the  dogs  were  ready  for  more 
discriminative  training.  In  the  following  six  training  stages,  the  stimulus 
mines  were  hidden  in  six  increasingly  difficult  grades  of  concealment,  and 
therefore  the  dogs  were  required  to  rely  more  and  more  on  olfactory  cues. 
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As  a  dog  acquired  proficiency  at  one.  grade  of  concealment,  it  advanced  to  the 
next.  In  6-9  weeks,  the  dogs  were  capable  of  two  12-mine  runs  with  only 
one  bad  response  over  a  course  of  well  concealed  mines. 

Finally,  the  dogs  received  4-6  weeks  of  training  in  realistic  field 

conditions.  The  seven  month  training  program  resulted  in  14  mine  dogs  which 

122  124  125 

were  subsequently  used  in  Vietnam  with  great  success.  *  ’ 
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6.0  RECENT  RESEARCH,  DEVELOPMENT,  AND 
OPERATIONAL  USES  OF  ANIMALS 


6.1  APPROACH 

The  information  presented  in  this  section  was  obtained  from  a  variety 
of  sources.  The  authors  of  this  report  either  knew  of  work  going  on  or  were 
put  in  contact  by  the  sponsor  with  personnel  in  various  government  agencies 
currently  working  on  animal  capabilities  research  or  systems  developments. 

Some  of  these  people  were  interviewed  and  documents  on  their  work  and  those 
of  others  were  obtained.  They  also  provided  additional  contacts. 

Also,  search  was  made  through  the  Defense  Documentation  Center  of  the 
Research  and  Development  Planning  Summaries  (DD  Forms  1498).  The  search 
request  stated  that  the  information  desired  was  "work  in  the  area  of  biological 
phenomena,  biological  systems,  animals,  marine  mammals,  birds  (pigeons  and 
others),  etc."  The  forms  received  as  a  result  of  the  search  were  reviewed. 
Virtually  none  of  the  projects  cited  were  relevant  to  systems  application 
of  animals.  Many  of  the  citings  were  for  projects  concerned  with  such 
topics  as  bio-medical  research,  microbiology,  and  physiology.  There  were 
numerous  projects  in  which  animals  were  used  in  the  study  of  radiation, 
chemical,  rapid  acceleration/deceleration,  and  other  hazards.  Also 
excluded  from  write-up  in  this  section  are  those  projects  concerned  with 
bio-degradation  of  materials  (except  oil  spills)  and  marine  biology 
(deep  scattering  layer,  benthic  organisms,  phytoplankton,  etc.) 


Relevant  findings  were  organized  and  are  presented  below  according 
to  the  types  of  animals  investigated  or  used. 


6.2 


DOGS 


The  Air  Force  has  the  responsibility  for  training  the  dogs  used  by 
all  of  the  armed  services.  The  dogs  are  trained  at  the  Military  Working  Dog 
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Center,  Lackland  Air  Force  Base,  Texas.  There  are  facilities  for  maintaining 

and  training  over  300  dogs  at  the  Center.  Dogs  and  their  handlers  are  trained 

for  patrol  and  narcotics  or  explosives  detection.  The  course  is  nineteen 

weeks  long.  The  teams  are  trained  for  vehicle,  aircraft,  and  building 

searches.  Some  dogs  have  also  been  trained  for  personnel  tracking.  The 

cost  of  training  a  dog  and  his  handler  has  been  estimated  at  between  $8,000  - 

$10,000  exclusive  of  land,  building,  and  capital  equipment  costs.  The 

Center  at  Lackland  AFB  also  conducts  some  research  studies.  In  i 975  a  study 

was  initiated  to  compare  the  odor  detection  capabilities  between  German 

Shepherd  dogs  and  four  small  breeds  of  dogs.  The  German  Shepherds  were 

compared  with  Cairn  Terriers  and  Beagles  for  drug  detection  and  with 

Schnauzers  and  Fox  Terriers  for  explosive  detection.  The  performance 

2 

differences  were  not  statistically  significant. 

The  Army  no  longer  has  any  operational  mine  detection  dogs.  The 
Army's  dog  research  program  was  terminated  in  1975-  Also,  the  breeding 
program  at  Edgewood  Arsenal,  directed  by  the  Surgeon  General's  office, 
has  been  shut  down.  Some  of  the  breeding  stock  is  now  at  Lackland  Air 
Force  Base.  However,  the  Air  Force  does  not  breed  its  own  dogs.  Dogs, 
mostly  of  German  Shepherd  stock,  are  carefully  screened  and  purchased  from 
the  publ i c. 

The  U.S.  Customs  Service  trains  dogs  at  Front  Royal,  Virginia,  for 
detection  of  narcotics.  The  program  was  started  in  1970  at  Lackland  AFB 
and  moved  to  the  Customs  Service's  own  facility  in  197^.  Approximately 
40  dogs  are  trained  each  year.  The  animals  are  trained  to  detect  hashish, 
marijuana,  new  heroin,  old  heroin,  and  cocaine.  The  conditional  response 
to  detection  is  to  attack  the  container  in  which  the  contraband  is 
concealed.  (The  Air  Force  program  conditions  a  sit  response.)  Some  of  the 
Customs  Service  dogs  have  been  tried  out  by  the  Coast  Guard.  However, 
successful  use  of  the  animals  requires  adaptation  to  working  in  a  ship¬ 
board  environment.  Customs  also  has  an  explosives  and  firearms  detection 
course.  There  is  an  experimental  program  to  train  and  evaluate  dogs  for 
border  patrol  and  narcotics  detection.^ 
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The  Federal  Aviation  Administration  utilizes  dogs  for  bomb  detection. 
There  are  about  a  dozen  dog  teams  scattered  about  the  country  in  cities  with 
major  airports.  These  have  been  trained  for  the  FAA  by  the  DOD  Dog  Center 
at  Lackland  Air  Force  Base.  The  dogs  are  maintainted  by  city  police  forces 
but  are  on  call  for  use  by  the  FAA  when  needed.  Dog  handler  teams  are 
stratigical ly  placed  so  that  a  commercial  airliner  could  reach  an  airport 
with  a  team  within  30  minutes  flight  time  anywhere  in  the  continental  Uni  ed 
States. 


it  is  understood  that  the  Secret  Service  has  trained  its  own  patrol 
and  explosives  detection  dogs.^ 

Under  sponsorship  of  the  Department  of  Energy,  canines  from  the 
Military  Working  Dog  Center  have  been  evaluated  for  explosives  detection 
at  the  Allied-General  Nuclear  Services  research  and  development  facility  in 
Barnwell,  South  Carolina.  The  explosive  samples  used  were  dynamite,  C-4,  and 
TNT.  Most  of  the  work  focused  on  detection  of  explosives  on  personnel.  Booths 
about  the  size  of  telephone  booths  were  placed  in  a  passageway.  The  person 
to  be  inspected  stepped  inside  the  booth.  Air  flowed  down  from  the  top  of 
the  booth,  over  the  person,  and  out  a  duct  at  the  bottom.  The  dogs  sniffed  the 
exhausted  air  and  gave  a  sit  response  if  they  detected  explosives.  Subjects 
were  randomly  given  a  sample  of  explosives  (10  oz  of  dynamite  or  4  oz  of  C-4 
or  TNT)  before  entering  the  booth.  Two  dogs  were  used  in  the  tests.  A 
thousand  trials  were  run.  The  probability  of  detection  obtained  was  -96. 

False  alarm  rates  varied  between  5  and  6.8$. 

The  capability  of  dogs,  and  for  that  matter  other  animals,  for  drug 
and  explosives  detection  is  controversial.  Those  who  have  trained  the 
animals  and  operational  personnel  utilizing  them  attest  to  their  value. 
Incidents  are  related  in  which  "hits"  have  been  made  on  stashes  which 
otherwise  would  have  gone  undetected.  On  the  other  hand,  some  physical 
chemists  and  hardware  oriented  researchers  claim  that  the  studies  run  by 
behaviorists  often  are  poorly  controlled.  One  objection  is  that  during 
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tests  the  dog  handlers  often  know  in  which  containers  the  stimulus  material 
has  been  placed,  and  they  may  inadvertantly  be  cueing  the  animals.  In 
some  cases  the  outsides  of  containers  may  be  contaminated.  With  respect  to 
detection  of  dynamite,  it  has  been  hypothesized  that  the  animals  may  be 
detecting  the  fillers,  such  as  peanut  shel  Is  or  apricot  pits  (which  may 
vary  from  batch  to  batch)  rather  than  the  active  ingredient,  ethylene  glycol 
dinitrate  (EGDN),  which  remains  consistent.  In  most  animal  experiments 
the  concentration  in  the  air  of  the  stimulus  being  presented  to  the  animal 
has  not  been  quantified.  In  defense  of  the  behaviorist  it  must  be  said  that 
such  quantification  is  extremely  difficult.  EGDN  molecules  are  very  sticky. 

It  is  hard  to  determine  how  many  are  getting  through  the  container  walls 
or  sticking  to  the  walls  of  experimental  apparatus,  and  how  many  are  in  the 
sample  of  air  being  sniffed  by  the  animals.  For  the  same  reasons,  it  is 
difficult  to  provide  uncontaminated  air  samples  for  control  trials.  !n 
general,  instrumentation  with  the  sensitivity,  discrimi nabl I i ty ,  mobility,  and 
ease  of  operation  of  dogs  is  not  available.  That  is  why  the  animals  are  used. 

6.3  RODENTS 

6.3.1  Stress  Detection 

A  report  from  Canada  related  that  gerbils  were  trained  to  detect 
small  amounts  of  epinephrine,  a  hormone  associated  with  stress  response  in 
humans. **  The  subject  placed  his  hand  in  a  box  over  another  box  containing 
the  gerbil.  The  animal  sampled  the  air  passing  over  the  subject's  hand  and 
reported  detection  of  a  stress  odor  or  non-stress  odor.  The  reference  states 
that  the  approach  was  "tested  in  various  Canadian  government  operational 
settings  with  highly  favorable  results." 

6.3.2  Explosives  Detection 

Gerbils  have  also  been  trained  to  detect  the  odor  of  an  explosive 
and  were  shown  to  be  capable  of  detecting  TNT,  EGDN,  PETN,  C4,  CIL  k0% 

Forcite,  DNT,  RDX,  Deta  Sheet,  and  two  potential  taggants,  SF6  and  CBr^F^. 
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It-  was  stated  that  the  behavior  was  learned  in  fairly  few  trials  and 
performance  was  at  the  85$  to  95%  detection  level.  These  experiments  were 
qualitative  in  that  the  concentration  of  the  odorant  in  the  air  sampled 
by  the  animals  was  not  determined. 

Subsequently,  vapor  sources  were  developed  which  enabled  quantification. 

It  is  reported  that  gerbils  detected  dynamite  at  the  0.4  ppt  level,  DNT 

(di ni trotol uene)  at  1  ppb,  and  TNT  (trinitrotoluene)  at  0.05  ppb.  No  effort  was 

made  to  find  the  lowest  level. ^  In  all  of  these  experiments  with  gerbils, 

the  animals  were  motivated  by  application  of  a  mild  footshock  (about  0.8  mA) 

which  their  responses  to  the  odor  stimulus  presentation  terminated.  The  laboratory 

equipment  used  in  the  quantitative  studies  was  modified  and  tested  by  Canadian 

government  personnel  with  reportedly  great  success.^ 

The  Federal  A/iation  Agency  in  the  United  States  wanted  to  verify  the 

results  of  the  experiments  in  Canada.  A  contract  was  awarded  to  Dr.  David 

Moulton  at  the  University  of  Pennsylvania.  He  is  conducting  carefully 

controlled  experiments  to  determin  the  pe"formance  of  gerbils  in  detecting 

8 

EGDN.  Results  of  those  expe^i vents  will  be  forthcoming  in  about  a  year. 

Previous  work  by  haul  to  with  rats  indicated  that  their  threshold 

for  detecting  EGDN  is  one  part,  per  million.  Detection  of  taggants  (additives 

to  improve  the  detectabi 1 i iy  of  explosives  f  aid  in  source  identification) 

and  concealment  of  the  EGDN  oc'or  also  was  of  interest.  This  work  was  sponsored 

by  the  Bureau  of  Alcohol,  Drugs,  and  Firearms  in  the  Department  of  the 

Treasury  and  under  direction  of  a  physical  chemist  at  the  Aerospace 
9 

Corporation. 

6.3*3  Electroencephalograph i c  Response.  The  Army  has  been  conducting 
experiments  to  determine  if  the  brain  waves  of  conditioned  rats  can  be 
monitored  to  detect  exp  1  os i ves .  In  these  experiments  electrical  brain 
stimulation  was  given  for  positive  reinforcement  rather  than  food  rewards. 

An  electrode  was  placed  in  the  Medial  Forebrain  Bundle  (MFB)  of  each 
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experiment*',  animal.  Operant  conditioning  was  used  to  shape  a  lever  pressing 
response  with  the  electrical  brain  stimulation  used  as  a  reward.  Stimulation 
parameters  were  optimized. 

In  some  experiments,  discriminant  operant  conditioning  was  used 
first  to  obtain  a  lever  pressing  response  to  the  presence  of  the  odorant  in 
TNT.  Then  the  brain  waves  were  observed.  In  other  experiments,  using 
classical  conditioning  methods,  no  lever  pressing  response  had  to  be  trained. 
The  rats  showed  differences  in  the  brain  wave  measurements  between  baseline 
and  TUT  exposure  and  between  pre-TNT  and  TNT  exposures. 

Work  is  continuing  to  verify  the  optimal  position  of  the  cortical 
frequency  spectrum  measurement  (CFS  -  brain  wave  measurement)  electrode  to 
determine  specific  features  of  the  CFS  which  indicate  the  presence  of  TNT 
so  that  these  can  be  incorporated  in  a  microprocessor  algorithm. 

One  of  the  reasons  offered  for  use  of  the  CFS  rather  than  requiring 
a  trained  behavior  response  (lever  press)  is  that  CFS  changes  vary  in  degree. 
This  allows  probability  estimates  to  be  made  of  the  presence  of  the  explosives 
and  opens  the  possibility  of  gradient  searches  to  lead  one  to  the  precise 
location  of  the  pacxage.  In  contrast,  a  lever  pressing  response  is  binary. 

The  latency  of  the  CFS  response  is  also  shorter  than  lever  pressing. 

6.1*  BIRDS 
6.4.1  Search  System 

In  a  project  called  Sea  Hunt,  a  system  was  developed  to  make  use  of 
pigeons  in  daytime  search  and  rescue  missions.  Pigeons  were  trained  to 
peck  a  key  when  international  orange,  yellow,  or  red  objects  (e.g.,  life 
vests  or  rafts)  are  sighted  on  the  open  ocean.  In  operational  use, 
three  pigeons  are  housed  in  an  observation  chamber  attached  to  the  bottom 
of  a  helicopter.  Each  pigeon  is  in  a  separate  compartment  and  has  a  field 
of  view  in  the  horizontal  plane  of  200°,  The  centerlines  of  the  compart¬ 
ments  are  120°  apart.  This  arrangement  provides  six  viewing  areas,  three 
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of  which  are  each  unique  to  one  pigeon  and  three  of  which  overlap  for 
viewing  by  two  birds.  When  one  or  more  of  the  pigeons  detects  a  target 
on  the  water  and  pecks  its  key,  a  light  goes  on  in  the  cabin  alerting  the 
flight  crew  to  a  detection  and  providing  general  directional  information. 

The  system  described  above  makes  use  of  the  pigeons'  superiority 
over  man  in  performance  of  visual  searches.  Because  of  retinal  structure 
and  behavioral  factors  the  pigeon  is  able  to  process  acute  visual  Informatl 
simultaneously  over  a  much  larger  portion  of  the  visual  field  than  man.** 
furthermore,  pigeons  will  remain  attentive  to  the  search  task  for  longer 
periods . 

In  fieid  studies  with  the  system,  the  pigeons  detected  targets 
90$  of  the  time  on  the  first  pass  over  the  target  as  compared  to  38$  for 
the  three  or  four  man  flight  crew.  On  those  trials  in  which  the  target 

was  detected  on  the  first  pass  by  either  the  pigeons  or  aircrew,  the 

« 

pigeons  were  the  first  to  see  the  target  85$  of  the  time.  In  considering 
those  data,  one  should  also  note  that  (1)  on  those  trials  In  which  the 
pigeons  detected  before  the  human  observer,  the  aircrew  was  then  told  where 
to  look,  and  (2)  the  aircrew  knew  the  approximate  location  of  the  targets 
and  could  relax  between  trials. 

Sponsorship  of  the  project  has  now  been  assumed  by  the  Coast  Guard 
which  is  supporting  development  of  the  system  for  operational  use. 

6.5  MARINE  ANIMALS 

The  Naval  Ocean  Systems  Center  has  been  involved  in  research  and 
development  with  marine  mammals  for  over  twelve  years.  Two  of  the  Navy's 
marine  mammal  object  recovery  projects  were  described  previously.  The 
operational  system.  Quick  Find,  has  been  used  to  make  40  successful  test 
ordnance  recoveries  up  to  October  1 979 * 
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Behavioral  research  is  also  being  conducted  at  the  Naval  Ocean 
Systems  Center  (NOSC) .  Additional  information  is  being  obtained  on  the 
capabilities  of  a  variety  of  species  of  marine  mammals,  and  training 
technologies  are  being  advanced.  Two  studies  involve  determining  whether 
a  dolphin  can  report  on  several  attributes  of  a  target  instead  of  just 
reporting  whether  or  not  a  specific  target  is  present.  Another  project 
was  concerned  with  extending  reinforcement  schedules  on  a  detection  task. 

It  was  found  that  detection  performance  could  be  maintained  even  though  a 
trained  animal  was  rewarded  only  on  the  average  of  once  every  fifty  trials. 
This  finding  is  important  if  animals  are  used  for  tasks  in  which  they  have  to 
work  for  many  hours,  do  not  have  to  respond  frequently,  or  perform  at  some 
distance  from  an  operator  who  can  provide  the  rewards.  A  match! ng-to-sample 
echolocation  experiment  was  conducted  and  indicated  that  a  blindfolded 
dolphin  can  easily  grasp  the  concept  of  "sareness  versus  difference"  of 
two  targets. 

The  Navy's  biomedical  support  work  includes  developing  methods  for: 
obtaining  healthy  animals,  stress  reduction,  and  medical  monitoring.  Work 
on  stress  reduction  involves  development  of  medication/sedatives  for  use  when 
animals  must  be  removed  from  the  water  for  examinations,  medical  care  or 
transport.  Medical  monitoring  techniques  are  being  developed  to  identify 
sick  animals  and  diagnose  their  ailments.  One  approach  being  studied  is 
to  analyze  the  sound  production  of  the  animals  and  attempt  to  identify 
those  sounds  which  indicate  distress.  Research  is  also  underway  in 
immunology,  vaccines,  and  treatment  methods.  Nutritional  studies  have 
been  conducted  for  several  years.  One  goal  is  to  develop  a  ration  which  can 
be  easi'y  prepared  and  transported  so  that  a  local  supply  of  fresh  fish 
is  not  required  to  support  animals  being  employed  away  from  their  home  base. 
Techniques  are  being  developed  for  improving  the  breeding  of  animals  in 
captivity  and  for  screening  wild  animals.  In  the  breeding  program  more  is 
being  learned  about  requirements  for  housing  and  care  of  pregnant  animals 
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and  about  how  to  rear  offsprings.  Procedures  are  being  developed  for 

monitoring  the  young,  detecting  premature  births,  and  diagnosing  and 

treating  illness  in  mothers  and  offsprings.  Emphasis  has  been  on  the 

reproduction  of  Tursiops  truncatus.  Knowledge  on  the  breeding  of  that 

species  has  also  been  contributed  by  oceanariums.  The  San  Diego  Zoo 

Research  Department,  sponsored  by  NOSC ,  succeeded  in  inducing  ovulation 

12 

in  captive  dolphins. 

6.6  SHARKS 

Host  of  the  past  research  on  sharks  had  been  directed  towards 
trying  to  understand  their  behavior  and  developing  methods  to  protect 
people  from  shark  attacks.  Funding  of  that  work,  sponsored  mainly  by 
the  Office  of  Naval  Research,  has  declined  over  the  past  several  years. 

In  the  past  year  personnel  of  the  Naval  Ocean  Systems  Center  have 
been  investigating  the  trainability  of  sharks.  Two  nurse  sharks  have  been 
trained  to  station  in  front  of  their  trainer  and  accept  food.  They  will 
also  retrieve  an  object  placed  in  their  tank.  While  showing  promise,  work 
on  training  sharks  to  perform  useful  tasks  is  still  in  the  early  stages 
of  development. 

6.7  BACTERIA 

6.7.1  Biodegradation  of  Oil^ ^ 

The  Navy  has  sponsored  research  on  utilizing  bacteria  to  break 
down  oil  in  ships'  bunkers  and  bilges  and  from  spills.  The  research 
revealed  that  appropriate  bacteria  were  already  present  in  those  areas, 
but  the  process  was  too  slow.  Nitrogen,  phosphate,  and  oxygen  were  added 
to  accelerate  biodegradation,  but  it  was  still  not  fast  enough  for  ship¬ 
board  purposes.  Also,  in  the  bilges,  there  were  too  many  toxic  substances 
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for  the  bacteria  to  work  effectively.  Only  when  oil  gets  into  inaccessible 
areas  such  as  among  pilings  or  in  swamps  or  mangroves,  where  containment 
and  vacuuming  is  difficult,  might  the  facilitation  of  biodegradation  be 
worthwhi ie. 

6.7*2  Bacterial  Luminescence  for  Toxicity  Determination 

A  system  which  uses  luminescent  marine  bacteria  for  rapid  bioassay 

14 

of  water  samples  is  commercially  available.  To  test  a  water  sample, 
frozen  dried  cells  of  the  reagent  culture  are  rehydrated  and  put  in  a 
special  light  measuring  instrument.  Comparisons  are  made  between  baseline 
light  output  readings  and  readings  five  minutes  after  the  water  samples 
have  been  added.  As  light  output  is  a  measure  of  the  health  of  cells, 
a  decrease  in  light  output  is  a  measure  of  the  toxicity  of  the  sample 
solution.  Pure  compounds  and  complete  eff I uents  can  be  tested.  Results 
compare  favorably  with  the  typical  fish  lethality  assays  which  take  from 
24  to  96  hours  and  are  quite  costly. 
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7.0  CONSIDERATIONS  IN  DEVELOPMENT  AND  USE 
OF  ANIMAL  SYSTEMS 


7.1  WAYS  OF  USING  ANIMALS 

When  considering  ways  in  which  man  can  be  aided  by  animals ,  the 
tendency  is  to  focus  on  a  few  well-known  approaches  employed  successfully 
in  the  past.  While  those  approaches  will  be  explored  thoroughly  in  this 
study,  the  whole  range  of  possibilities  will  be  considered.  Those 
possibilities  are  identified  in  Figure  8  and  described  below.  Whrn  past 
and  current  uses  of  animals  are  discussed  later  in  this  report,  the 
specific  combination  of  alternatives  for  each  system  will  be  apparent. 

7.1.1  Trained  Animals 

Most  animal  systems  use  animals  which  are  trained  in  captivity. 

There  is  also  the  possibility  of  training  animrls  in  their  natural  habitats. 

7. 1.1. 1  Trained  in  Captivity.  By  far,  the  overwhelming  number  of 
systems  employ  animals  from  already  domesticated  species.  The  animals  are 
bred  or  selected  for  characteristics  particularly  suited  to  the  purpose  for 
which  they  are  used.  The  animals  are  trained  in  captivity.  During  use, 
an  animal  may  be  in  an  enclosure.  A  guard  dog  in  a  building  or  fenced 
compound  exemplifies  that  kind  of  system.  Alternatively,  the  animal  may  be 
loose  during  all  or  part  of  the  mission  (but  still  under  behavioral  control). 
Such  an  implementation  is  illustrated  by  a  carrier  pigeon  which  flies  from 
its  release  point  to  its  home  coop. 

Also,  it  may  be  feasible  to  train  an  animal  in  captivity  and  then 
release  it  to  maintain  itself  in  the  wild.  Subsequently,  the  animal  would 
be  available  tor  use  in  the  wild,  or  it  might  be  recalled  for  use  in 
captivity.  For  example,  a  marine  mammal  could  be  trained  in  captivity  to 
div»  to  a  particular  depth  when  it  received  a  command  signal.  After 
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UNTRAINED  ANIMAL 


training,  the  animal  is  released  with  an  instrumentation  package  attached 
and  lives  a  natural  life  in  the  wild.  Periodically,  a  signal  is  transmitted 
to  the  animal,  and  it  responds  by  diving  to  the  commanded  depth.  The 
measurements  taken  by  instruments  in  the  package  are  automatically  transmitted 
to  a  satellite  or  shore  base  when  the  animal  surfaces.  No  systems  of  this 
type  were  identified  in  the  course  of  this  project.  There  are,  however, 
similarities  with  systems  which  use  untrained  animals.  (See  7.1.2  below.) 

A  potential  problem  with  training  an  animal  in  captivity  and  then 
releasing  it  is  that  the  animal  may  no  longer  be  capable  of  sustaining  itself 
in  the  wild.  Additional  conditioning  may  be  required  to  teach  the  animal  to 
survive  in  its  natural  habitat.  For  example,  the  animal  may  have  to  be 
taught  to  hunt  for  food. 

7. 1.1. 2  T ra i ned  i n  the  Wild.  To  perform  some  missions,  it  may  be 
possible  to  train  animals  in  the  wild,  e.g.,  without  ever  capturing  them. 
During  World  War  II,  the  British  conditioned  sea  gulls  to  gather  over 
submerged  submarines  by  releasing  garbage  from  their  own  submarines 
traversing  the  English  Channel.  In  general,  this  approach  is  most  applicable 
where  a  large  number  of  animals  can  or  must  be  trained  on  very  simple 
behaviors.  It  could  also  be  used  when  a  very  large,  costly  to  maintain 
animal  (e.g.,  a  whale)  would  be  useful. 

7.1.2  Untrained  Animals 

Training  is  not  necessarily  required  to  make  use  of  animals  in  a 
system.  The  natural,  predictable  response  of  an  animal  to  a  particular 
stimulus  can  be  exploited.  The  use  of  canaries  to  detect  gases  in  coal 
mines  exemplifies  such  an  approach.  In  that  case,  the  response  (death)  is 
quite  apparent,  but  the  responding  animal  cannot  be  used  again.  A  common 
use  of  untrained  animals  is  to  capture  some,  put  transmitters  on  them,  and 
then  track  them  to  learn  their  migration  and  other  behavior  patterns. 
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Animals  can  also  be  selectively  bred  to  obtain  the  behavior 
desired  for  use  in  a  system.  With  lower  orders  of  animals  in  which 
reproduction  rates  are  very  high,  selective  breeding  may  be  rapid  and  not 
too  costly.  Mutagens  also  can  be  used  with  those  lower  animals  to  increase 
the  variety  of  physical  and  behavioral  characteristics  from  which  to  choose. 

There  are  three  options  with  respect  to  restraint  of  the  untrained 
animals  for  system  utilization.  They  may  be  kept  in  captivity,  raised  in 
captivity,  or  captured  and  then  released  to  perform,  or  simply  observed  in 
the  wild.  Releasing  captive  animals  to  the  wild  may  result  in  the  survival 
problem  discussed  previously.  Observation  of  wild  animals  to  detect  or 
predict  a  change  in  the  environment  (e.g.,  the  coming  of  winter)  is  probably 
the  oldest  use  of  animals  (other  than  eating  them)  by  man. 

As  with  the  use  of  trained  animals,  there  is  a  variety  of  options  for 
incorporating  hardware  into  the  systems  contemplated  for  utilizing  untrained 
animals. 


7.1.3  Hardware  Utilization 

Certainly  there  will  be  hardware  and  instrumentation  used  in  many 
proposed  systems.  In  some  cases  the  hardware  will  be  in  the  animal's  enclosure; 
in  other  uses  the  animal  may  go  to  the  hardware.  Of  course,  hardware  may  be 
used  to  enclose,  restrain,  transport,  support  (e.g.,  feed),  present  data  to, 
transmit  data  from,  or  process  and  display  data  from  an  animal.  Some 
hardware  may  be  used  in  training  en  animal  but  not  employed  in  the  operational 
system. 


An  important  consideration  in  system  concept  formulation  is  whether 
devices  ere  carried  by,  strapped  onto,  or  surgically  implanted  in  the  animal. 
Such  devices  might: 


i  i 


•  Sense  features  in  the  environment 

•  Detect,  transduce,  and  transmit  animal  behaviors  or 
physiological  responses 

•  Be  manipulated  by  the  animal 

•  Be  operated  remotely  by  man  or  operate  automatically. 

The  interaction  between  hardware  construction  and  animal  behavior 
conditioning  in  system  development  is  important.  Animal  training  may  be 
held  up  by  the  time  lags  in  building  system  hardware  which  are  also  used 
as  training  aids.  Also,  equipment  design  or  operating  deficiencies  can 
create  training  problems.  Often  hardware  design  requirements  change  as  the 
trainers  observe  the  use  of  equipment  by  the  animals  and  encounter  training 
problems . 

Of  course,  the  effect  of  system  hardware  on  anixial  mobility  and 
behavior  is  vital  to  system  effectiveness.  While  for  some  systems  it  is 
acceptable  or  desirable  to  constrain  an  animal,  in  others,  full  use  of  the 
animal's  speed,  endurance,  or  diving  capabilities  is  desired.  Another 
consideration  is  the  possible  effect  that  wearing  of  equipment  by  one 
animal  will  have  on  other  animals  with  which  is  must  interact.  An  animal 
which  looks  or  acts  differently  may  be  subject  to  attack  or  exile  by 
others . 

7.2  SYSTEMS  CRITERIA  AND  CONSIDERATIONS 

In  this  section  we  discuss  many  of  the  criteria  and  factors  which 
need  to  be  considered  in  making  a  decision  as  to  whether  or  not  to  pursue 
research  and  development  on  an  animal  system.  It  is  obvious  that  most  of 
the  considerations  are  common  to  any  system  development.  Still,  it  is 
worthwhile  reviewing  the  criteria  and  keeping  them  in  mind  for  evaluating 
ideas  for  uses  of  animals  by  the  Coast  Guard  suggested  later  in  this  report 
or  on  any  subsequent  occasion.  Caution  must  be  observed  not  to  over¬ 
emphasize  a  single  criterion  to  the  exclusion  of  others.  A  low  grade  on  any  of 
the  evaluation  measures  can  be  the  basis  for  excluding  a  system  from  further 
consideration  or  for  drastically  revising  the  system  concepts. 
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7.2.1  Acceptabi 1 i ty 


In  addition  to  performing  a  mission  well,  the  selected  animals  must 
be  acceptable  to  Coast  Guard  operating  and  management  personnel.  The  public 
and  cognizant  government  organizations  (especially  Congress)  must  also  feel 
positive  about  the  use  of  the  animals  for  particular  purposes.  For  example, 
a  pig  might  be  able  to  perform  a  critical  function  very  well  for  the  Coast 
Guard,  but  could  Coast  Guard  personnel  accept  the  image  of  working  with  that 
species7  Would  there  be  derisive  expressions  from  the  public  and  rejection 
of  the  system  by  Congress?  Those  types  of  questions  must  be  answered 
specifically  for  each  system  proposed.  A  great  deal  depends  on  how  public 
and  government  interbody  relations  are  handled  and  on  the  mood  of  the  times. 

7.2.2  Syst"  Development  Risk  and  Producabi 1 i ty 

Incomplete  knowledge  of  selected  species  and  other  uncertainties 
create  r.i  n  launching  a  system  development  effort.  System  development 
may  not  be  '>’ranted  until  additional  research  increases  the  knowledge  and 
technology  base  and  reduces  that  risk  to  an  acceptable  level.  Some  of  the 
same  factors  which  create  risk  in  developing  a  system  also  influence  the 
capability  to  c  oduce  the  quantity  of  units  of  a  system  which  are  needed. 

7.2.2. I  Technology  State-of-the-Art .  Besides  knowledge  of  performance 
capabilities  for  which  a  species  may  be  chosen,  there  must  be  sufficient 
information  about  the  life  support  requirements  and  overall  behavioral 
patterns  of  the  species  to  insure  that  its  use  for  a  system  application  can  be 
sustained.  Adaptability  of  a  species  to  the  different  environments  in  which 
it  may  be  desirable  to  use  that  animal  is  an  important  factor  to  consider. 
Although  there  are  general  principles  of  learning  and  training,  the  procedures 
for  training  different  species  may  vary  widely.  For  example,  predatory 
animals  may  eat  infrequently  and  food  cannot  be  used  as  readily  to  reinforce 
desired  behavior.  A  proposed  system  concept  also  may  impose  demands  on 
engineering  technologies  which  are  beyond  the  state-of-the-art. 
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7. 2. 2. 2  Animal  Obta i nab i 1 i ty .  There  must  be  a  way  of  insuring  that 
the  number  of  animals  needed  to  develop  and  use  the  system  can  be  obtained. 

In  some  cases,  e.g.,  endangered  species,  there  will  actually  be  legal 
constraints  on  obtaining  or  working  with  the  species  desired.  Given  that 
there  are  no  legal  barriers,  a  reliable,  economic  source  of  the  animals  must 
be  assured.  Setting  up  breeding  colonies  may  solve  that  problem  for  some 
systems.  However  depending  on  reproductive  habits,  gestation  period,  litter 
size,  time  to  wean  offsprings,  and  other  factors,  such  an  approach  may  or 
may  not  be  attractive. 

7.2.3  System  Cost-Benefits 

The  primary  concern  here  is  how  well  the  system  as  it  is  perceived 
to  operate  will  perform  the  mission(s)  for  which  it  is  designed.  There  is 
also  the  question  as  to  whether  or  not  the  results  will  be  worth  their  cost. 
Mission  importance  and  the  likelihood  or  frequency  that  a  system  will  be  used 
also  are  trade-offs  in  a  system  development  decision.  It  may  be  worthwhile 
to  develop  a  system  to  perform  a  relatively  insignificant  mission  if  such  a 
system  would  ease  the  burden  of  a  frequent  nuisance. 

The  development  of  an  an i ma I -centered  system  must  be  weighed  against 
the  possibilities  of  building  hardware  systems  to  perform  the  same  functions. 
To  formulate  worthwhile  concepts  for  performing  a  mission  with  animals,  the 
mission  should  be  thoroughly  analyzed.  During  that  analysis,  new  ideas  may 
occur  for  performing  the  mission  with  hardware.  Those  hardware  alternatives 
may  be  highly  competitive  with  the  proposed  animal  system. 

Some  of  the  factors  which  go  into  determining  a  system's  mission 
cost-effectiveness  are  discussed  below. 

7.2.3- 1  Versat i 1 i ty .  Coast  Guard  units  tend  to  be  mul t i -miss  ion 
oriented.  In  contrast,  it  will  be  seen  that  many  animal  systems  are  designed 
to  fulfill  very  specific  functions.  If  a  system  is  used  with  frequent 
regularity  in  its  primary  role,  limiting  it  to  that  role  may  be  perfectly 
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satisfactory.  On  the  other  hand,  if  a  system  is  only  employed  occasionally 
for  its  primary  role,  giving  that  system  greater  versatility  may  provide 
more  opportunities  for  its  employment. 

7. 2. 3. 2  Avai lability  refers  to  the  system's  being  ready  to  use  when 
and  where  it  is  needed.  Reliability  relates  to  how  often  the  system  will 
break  down  when  it  is  in  use.  Maintainability  is  how  long  it  takes  to  get 
the  system  operational  again  when  it  has  malfunctioned.  The  combination  of 
reliability  and  maintainability  yield  a  percentage  of  time  during  which  the 
system  can  be  used  effectively.  Those  factors  apply  as  much  to  the  animal 
behavior  aspects  of  a  system  as  they  do  to  hardware  elements. 

Response  time  for  the  system  to  be  transformed  from  a  quiescent 
state  to  operational  readiness  at  the  location  where  it  is  to  be  employed 
is  another  factor  impacting  on  system  availability.  Mobility  of  the  animal 
system  relates  both  to  time  to  get  to  and  performance  in  an  operational  area. 
In  some  situations  the  animal  may  provide  its  own  mobility.  More  often 
the  animal  will  have  to  be  transported  along  with  system  personnel  and 
hardware  to  where  it  is  to  be  employed.  Once  the  system  arrives  at  the 
operational  site,  some  time  may  be  required  to  get  it  ready  to  use.  With 
animal  systems,  an  important  consideration  is  whether  the  animal  has  to  be 
acclimated,  physiologically  or  behavioral ly ,  to  a  new,  unfamiliar  location. 
New  sounds,  odors,  different  temperature,  or  unfamiliar  physical  configu¬ 
rations  of  objects  (e.g.,  machinery,  stairs,  passages,  etc.)  may  be 
aversive  to  an  animal  or  create  task  performance  problems.  Careful  design 
of  a  system  and  conditioning  the  animals  to  work  in  a  variety  of  environments 
may  alleviate  these  problems. 

Legal  constraints  may  also  impact  system  mobility.  It  may  be 
illegal  to  bring  some  types  of  animals  to  certain  locations  (e.g.,  gerbils 
in  California  or  snakes  in  Hawaii). 
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7. 2. 3. 3  Performance.  At  the  heart  of  system  evaluation  is  the 
appraisal  of  a  system's  performance  as  predicted  prior  to  system  development 
and  as  measured  subsequent  to  development.  Different  performance  criteria 
will  be  applicable  to  different  types  of  systems.  For  search  systems,  a 
common  employment  of  animals,  such  measures  of  performance  as  probability 
of  detection,  area  search  rate,  and  false  alarm  rate  will  be  applicable. 

The  consequences  of  false  alarms  and  their  relationship  to  probability  of 
detection  are  important  in  design  and  evaluation  of  animal  systems. 

The  special  capability  which  an  animal  has  to  carry  out  a  critical 
function  in  the  mission  is  important.  On  the  other  hand,  that  performance 
capability  must  be  considered  within  the  context  of  an  overall  system 
concept.  A  particular  marine  animal  might  have  an  acoustic  signal  detection 
capability.  However,  the  limited  diving  and  load  carrying  capacity  of  that 
animal  might  cause  it  to  be  rejected  if  the  system  called  for  delivery  of 
a  package  to  the  signal  emitter.  An  animal  with  a  lesser  acoustic  capability, 
but  possessing  other  required  attributes,  might  be  chosen.  All  facets  of  the 
animal's  physical  make-up  and  behavior  which  will  be  brought  into  play  by 
a  system  must  be  considered  during  system  concept  formulation. 

7-2.3.^  Life  Cycle  Costs  are  the  aggregate  of  system  development, 
acquisition,  and  annual  operating  costs  over  the  expected  life  of  the  system. 
For  some  animal  systems,  special  facilities  may  be  needed  to  hold  and 
maintain  the  animals  (pen,  cages,  etc.).  Unusual,  in  terms  of  previous 
Coast  Guard  needs,  personnel  specialities  may  be  required.  For  example, 
veterinary  services  and  personnel  with  special  training  in  handling  and 
training  animals  may  be  needed.  To  keep  systems  in  the  necessary  degree  of 
readiness,  simulators  and  other  training  devices  may  have  to  be  developed 
and  provided  along  with  operational  systems  hardware.  Satisfaction  of  all 
those  requirements  must  be  included  in  the  calculation  of  system  life 
cycle  costs. 
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8.0  POTENTIAL  USES  OF  ANIMAL  SYSTEMS  BY  THE  COAST  GUARD 


8.1  INTRODUCTION 

The  main  objective  of  this  project  was  to  determine  in  what  ways 
animal  systems  couid  assist  the  Coast  Guard  in  dealing  with  the  problems  it 
will  face  in  the  future.  While  there  was  no  step  by  step  procedure  for 
creating  system  concepts,  the  process  was  not  haphazard. 

All  of  the  information  gathering  and  analyses  reported  earlier 
provided  the  basis  for  ideas  on  how  animals  could  be  employed.  An  under¬ 
standing  was  obtained  of  projected  Coast  Guard  missions  and  problems  in  the 
developing  marine  environment.  At  the  same  time,  the  literature  on  the 
capabilities  of  various  types  of  animals  was  studied.  Previous  and  current 
uses  of  animals  by  man  were  reviewed. 

With  all  of  that  information  in  mind,  each  Coast  Guard  mission 
was  considered.  Project  participants  evaluated 

•  How  each  mission  could  be  performed  with  the  use  of  animals 

•  Which  animals  could  be  used 

•  How  they  might  be  employed. 

Initially,  the  thrust  was  to  get  as  many  ideas  expressed  as  possible  even 
though  some  might  be  outlandish.  However,  during  that  process,  thought  of 
the  criteria  and  constraints  on  use  of  animals  discussed  earlier  in  this 
report  (Section  7.0)  kept  the  concepts  from  becoming  absurd.  Also,  to 
insure  that  no  good  prospects  were  being  missed,  attention  was  focused 
on  the  special  qualities  of  particular  groups  of  animals.  An  effort  was 
made  to  find  ways  of  using  unique  capabilities.  Finally,  the  selection 
criteria  were  more  deliberately  applied  to  filtering  concepts. 


It  is  possible  that  some  promising  utilizations  of  animals  were 
missed.  However,  the  resulting  set  of  concepts  does  cover  a  broad  range  of 
Coast  Guard  missions.  Some  of  the  missions  are  currently  being  performed. 

Others  can  be  anticipated.  Most  of  the  concepts  utilize  trained,  captive 
animals.  The  concepts  vary  considerably  in  terms  of  the  portion  of  the 
mission  which  the  animals  would  perform.  They  also  differ  with  respect  to 
development  risk,  the  likelihood  that  the  system  can  be  built  to  operate 
as  desired.  For  some  applications,  the  Coast  Guard  might  build  and  operate 
the  systems.  In  other  cases  the  Coast  Guard  might  develop  and  evaluate  the 
system  and  then  specify  its  use  by  others,  e.g.,  industry  or  shipping  firms. 

Several  concepts  are  described  below  in  the  order  in  which  the  missions 
were  previously  defined  (in  Section  3.1).  All  of  the  missions  are  treated. 

There  is  no  prioritization  of  systems  here.  Where  no  system  concept  is  offered, 
that  fact  is  so  stated.  It  should  be  noted  that  some  system  concepts  could  be 
implemented  in  various  ways.  A  few  variations  of  some  concepts  are  described. 
During  system  development,  there  still  would  be  many  design  options  to  consider 
and  trade-offs  to  be  made. 


8.2  TRAFFIC  FLOW  FACILITATION  AND  CONTROL 

8.2.1  Traffic  Control 

No  system  concept  is  offered.  The  complexity  of  the  tasks,  their 
decision-making  nature,  and  the  requirements  for  verbal  communications  preclude 
utilization  of  animals  for  the  tasks  anticipated  in  this  mission. 

8.2.2  Aiding  Navigation 

Many  animals  have  amazing  navigation  systems  for  their  migrations  or 
finding  their  way  home.  Some  of  the  techniques  they  use,  e.g.,  celestial 
navigation,  are  also  used  by  man.  No  concepts  were  offered  for  using  animals 
to  aid  in  navigating  ships.  Electronic  aids  should  be  able  to  satisfy  future 
requi rements . 
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8.2.3  Ice  Operations 


Birds  could  be  used  to  fly  from  icebreakers  to  find  leads  or  thin 
areas  in  the  ice.  The  system  could  supplement  the  use  of  helicopters  for 
that  task  and  provide  a  reconnaissance  capability  to  icebreaking  ships  without 
helicopters.  The  system  would  operate  as  follows. 

A  small  electronic  package  would  be  attached  to  a  trained  bird, 
possibly  a  pigeon,  on  board  the  icebreaker.  The  bird  would  be  released  to 
fly  out  in  the  direction  in  which  the  icebreaker  wished  to  proceed. 

Guidance  signals  could  be  transmitted  to  the  bird  by  radio  via  the  electronics 
package.  However,  flying  at  several  hundred  feet  in  altitude  ahead  of  the 
icebreaker  should  give  the  bird  sufficient  field  of  view  to  pick  a  good  path. 

The  bird  would  be  trained  to  detect  openings  in  the  ice  or  thin 
areas  by  their  different  coloration.  It  would  go  over  those  areas  and 
perform  a  trained  maneuver  (such  as  circling  or  dipping  in  altitude). 
Performance  of  the  maneuver  would  trigger  the  transmission  of  a  signal  to 
the  ship.  When  the  signal  is  received,  the  range  and  bearing  would  be 
marked  on  a  display.  Position  of  the  bird  could  be  obtained  from  a  radar 
transponder  in  the  electronics  package  carried  by  the  bird. 

After  each  thin  ice  position  is  received,  the  bird  could  be 
commanded  to  fly  further  out  or  in  a  different  direction  for  a  short  period 
before  indicating  another  location.  In  this  way  a  plot  could  be  generated 
of  thin  ice  locations  and  a  good  path  selected  by  the  icebreaker's  captain. 

8.3  SAFETY  AND  EMERGENCY  OPERATIONS 

8.3.1  Safety  Inspections 

8.3. 1.1  Hull  I nspect ions  (Exterior).  The  Coast  Guard  conducts 

a  biannual  safety  inspection  of  all  U.S.  flag  vessels.  This  includes  exami¬ 
nation  of  the  exterior  of  the  hull.  Often  the  inspection  is  performed  while 
the  ship  is  in  dry  dock,  but  sometimes  it  is  done  in  the  water.  Commercial 
divers  with  TV  cameras  are  used  to  get  pictures  for  the  Coast  Guard  inspectors. 
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An  alternative  would  be  to  train  a  sea  lion  to  carry  a  TV  camera 
around  the  ship.  The  Cc  t  Guard  inspector  would  transmit  signals  to  guide 
the  animal  over  the  various  parts  of  the  hull  to  be  inspected.  An  acoustic 
transponder  and  display  would  give  the  inspector  information  on  the  location 
of  the  animal.  A  fiber  optic  link  could  be  employed  to  transmit  the  TV  picture 
and  ‘o  send  the  sea  lion  guidance  signals. 

This  system  does  not  provide  any  new  capability  or  solve  any  major 
problems.  However,  it  may  be  more  economical,  thorough,  or  faster. 

8. 3- 1.2  Interior  Inspections.  There  are  narrow,  difficult  to  reach 
interior  spaces  (e.g.,  between  outer  and  inner  hulls)  which  are  inspected. 

There  are  also  interiors  of  tanks  in  which  inspectors  occasionally  are  overcome 
by  fumes  or  lack  of  oxygen.  It  is  possible  that  an  animal  could  be  guided 
through  those  areas  while  carrying  a  TV  camera.  The  inspector,  located  in  a 
safe  place,  would  view  the  pictures  and  send  guidance  signals  to  the  animal. 

The  animal,  rather  than  a  human,  would  be  exposed  to  the  risks.  Dogs,  cats, 
monkeys  or  other  small  primates  might  be  considered  for  such  an  application. 

8.3.2  Surface  Search  and  Rescue 

8.3.2. 1  From  Boats.  Many  search  and  rescue  missions  are  conducted 
by  helicopters  or  fixed  wing  aircraft.  The  Coast  Guard  will  have  the  Sea 
Hunt  animal  system  to  support  those  operations.  However,  searches  are  also 
conducted  from  surface  vessels.  An  animal  system  could  be  developed  to 
give  Coast  Guard  boats  a  bigger  field  of  view  thereby  improving  the  efficiency 
of  searches.  Three  concepts  are  suggested. 

A  pigeon  or  visually  superior  bird  such  as  a  hawk  could  be  trained  to 
fly  up  and  circle  several  hundred  feet  over  the  Coast  Guard  boat.  The  animal 
would  look  for  the  orange  distress  panels,  life  vests,  or  rafts.  When  the 
bird  detects  such  an  object,  it  would  fly  in  that  direction  until  recalled  by  a 
radio  signal.  The  Coast  Guard  boat  would  drive  in  the  direction  indicated  by 
the  bird.  A  radar  transponder  on  the  bird  might  be  used  to  keep  track  of  its 
location.  Each  boat  could  carry  a  few  birds  which  could  be  rotated  if  the 
mission  Is  long. 
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An  alternative  concept  requires  towing  a  parafoil  from 
boat.  Birds  would  be  in  a  lightweight  module  suspended  below 
and  search  for  distressed  vessels  or  personnel  as  the  Sea  Hunt 
An  added  option  is  to  include  a  TV  camera  on  the  module.  When 
a  target,  the  camera  could  be  slewed  to  the  direction  in  which 
looking.  Then  the  crew  of  the  boat  could  verify  that  it  was  a 
party  which  was  detected  by  the  animal. 


the  search 
the  parafoi 1 
system  does, 
a  bird  detects 
the  bird  is 
distressed 


Perhaps  a  small  vial  containing  a  pheromone  or  other  potent  odorant 
could  be  attached  to  life  vests  and  rafts.  When  broken  the  odor  would  gradually 
be  released  and  drift  downwind.  It  could  be  detected  by  dogs  or  instrumented 
insects  on  boats  searching  for  the  victims. 

8. 3-  2.2  Night  Searches.  A  Sea  Hunt  type  system  or  either  of  the 
bird  systems  proposed  above  (in  8. 3-2.1)  could  be  implemented  utilizing  owls 
instead  of  pigeons  to  give  a  night  search  capability.  The  owls  would  have 
to  be  trained  to  detect  boats  and  people  in  the  water  rather  than  the  inter¬ 
national  orange  color  which  would  not  show  up  under  low  illumination  levels. 

It  is  also  suggested  that  the  aircraft  and  helicopter  crews  be  provided  with 
night  vision  (light  amplification)  goggles  to  improve  their  search  capability 
and  follow-up  of  contacts  by  the  animal  search  system. 

8. 3- 2. 3  Quick  Inspection  of  Aerial  Photographs.  Occasionally, 
high  altitude  aerial  photography  searches  are  made.  Thousands  of  frames  of 
film  are  taken.  It  is  suggested  that  pigeons  be  trained  to  rapidly  review 
those  frames  to  pick  out  the  few  which  have  in  them  objects  of  interest. 

Those  frames  selected  could  then  be  scrutinized  by  human  observers. 

8. 3*2. 4  Recovery  of  Man  Overboard.  A  bird  could  be  released 
from  a  ship  from  which  a  man  had  fallen  or  been  swept  overboard.  The  bird 

could  be  trained  to  search  back  over  the  path  of  the  ship  and  drop  a  smoke/ 
flare/dye  marker  on  the  person  when  he  is  sighted  by  the  bird.  The  bird 


•flj 

NOSC  TN  407,  At-Sea  Exploratory  Tests  of  the  Elevated  Tethered  Platform  (ETP) 
Concept  by  K.J.  Powers,  1  May  1978,  gives  data  on  parafoil  performance  and 
discusses  potential  Navy  and  Coast  Guard  uses  of  parafoils. 
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selected  should  be  a  strong  flier  and  have  good  night  vision.  The  utility 
of  this  system  in  any  given  situation  will  depend  greatly  (as  does  any  chance 
of  recovering  a  man  overboard)  upon  the  time  between  when  the  man  actually 
went  overboard  and  when  that  event  is  discovered.  A  dog  or  sea  lion  could  also 
be  used  to  aid  a  man  overboard. 

8.3.3  Underwater  Rescue 

Underwater  public  and  commercial  parts  should  have  their  own  rescue 
vehicles  and  equipment.  Likewise,  offshore  industrial  activities  should  be 
equipped  to  rescue  their  own  stranded  submers i bles .  The  Coast  Guard  may 
issue  safety  and  rescue  requirements  for  undersea  activities. 

A  system  could  be  developed  by  the  Coast  Guard  for  underwater  rescue 
of  submersibles  or  of  people  trapped  in  undersea  installations.  The  sy'tem  would 
be  similar  in  operation  to  the  Navy's  Quick  Find.  All  submersibles  and 
installations  should  be  equipped  with  pingers  so  they  can  be  located  readily. 

They  should  also  have  specially  marked  attachment  points  for  connecting  rescue 
equipment. 

When  information  is  received  that  a  submersible  or  habitat  is  in 
distress,  a  marine  mammal  (porpoise  or  sea  lion)  is  transported  to  the  area 
along  with  rescue  equipment.  Listening  devices  are  used  to  get  the  rescue 
party  near  the  stranded  submersible.  Then  the  animal  is  put  or  jumps  into 
the  water  and  verifies  that  it,  too,  hears  the  pinger. 

The  porpoise  or  sea  lion  is  given  a  clamp  to  carry  down  to  the 
distressed  vehicle.  A  line  attached  to  the  clamp  also  is  towed  down.  The 
animal  connects  the  clamp  to  the  marked  padeye  and  returns  to  the  surface. 

Then  the  line  from  the  surface  to  the  distressed  veh i c le/i nstal lat ion  is 
used  to: 

•  Raise  the  submersible  by  use  of  a  crane 

•  Lower  and  connect  gas  generators  and  buoyancy  bags 

•  Move  a  rescue  chamber  down  and  back  up 


The  system  should  be  highly  mobile.  It  would  have  a  depth  capability 
between  600  and  1500  feet.  If  distressed  vehicles  are  not  equipped  with  pingers, 
an  animal  system  could  be  designed  to  perform  the  search  as  well  as  aid  the 
recovery  function.  A  porpoise  with  echolocation  capability  could  be  employed. 

8.3-4  Aiding  Vessels/Structures  in  Distress 

Occasionally  there  is  difficulty  in  getting  a  line  across  from  a  rescue 
vessel  to  a  distressed  vessel/structure.  A  sea  lion  or  possibly  a  dog  could 
be  trained  to  carry  a  messenger  line  from  one  to  the  other.  The  messenger 
line  then  can  be  used  to  pull  across  a  tow  or  rescue  line. 

8.4  UNDERWATER  INVESTIGATION  AND  RECOVERY 

8.4.1  Sunken  Vessei/Structure  Inspection 

When  a  vessel  sinks  or  is  scuttled  (to  conceal  criminal  activities) 
it  is  often  desirable  to  study  the  sunken  hull  to  determine  the  nature, 
extent,  and  possible  causes  of  the  incident.  A  marine  mammal  might  be  used 
to  carry  a  TV  camera  down  for  an  inspection. 

The  hull  would  be  located  initially  with  a  hardware  search  sonar. 

Then  the  animal  would  be  put  overboard  near  the  target  to  locate  the  vessel 
i  tsel f . 


After  the  animal  locates  the  target,  it  would  tow  a  TV  camera  and 
lights  to  the  sunken  vessel.  The  equipment  might  be  mounted  on  a  sled.  The 
picture  would  be  transmitted  back  to  the  surface  via  a  fiber  optic  link.  The 
inspector  on  the  surface  views  the  picture  and  transmits  guidance  signals  to 
the  animal . 
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8.4.2  Body  Search  and  Recovery 

A  porpoise,  a  ray,  or  possibly  a  turtle  could  be  trained  to  search 
For  and  recover  bodies. 

8.4.3  Package/Equipment  Recovery 

A  number  of  marine  animais  might  be  used  to  find  and  recover  packages 
from  the  ocean  floor.  Of  particular  interest  is  the  recovery  of  marijuana 
thrown  overboard  or  from  the  inside  of  scuttled  vessels.  Some  animals  which 
should  be  considered  for  such  a  mission  are  those  with  good  chemoreception. 
Fish  like  salmon,  sharks,  or  rays  are  promising  candidates.  Additional  data 
on  a  sea  lion's  chemoreception  might  qualify  it  for  consideration.  The  animal 
would  be  deposited  by  a  boat  on  the  surface  as  close  as  possible  over  the 
known  point  of  the  dumping.  The  gradients  of  chemical  concentration  of 
marijuana  components  in  the  water  would  lead  the  animal  to  the  packages. 

The  animal  would  either  bring  back  a  sample  of  marijuana  in  its  mouth  or 
attach  a  recovery  device  to  the  package. 


8.5  LAW  ENFORCEMENT  AND  SECURITY 
8.5.1  Smuggling  Control 

Currently,  the  Coast  Guard's  most  challenging  and  resource-demanding 
role  is  the  control  of  smuggling  of  marijuana  and  hard  drugs.  This 
mission  is  projected  to  continue  in  importance  well  into  the  future. 

Several  system  concepts  were  formulated  to  help  the  Coast  Guard  select  which 
ships  to  intercept  and,  once  boarded,  to  determine  whether  or  not  marijuana 
is  onboard. 
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8.5. 1 • 1  Suspect  Ship  Selection.  Four  different  approaches  were  taken 
for  utilizing  the  olfactory  capabilities  of  animals  to  determine  which  ships 
are  transporting  marijuana.  These  involve  different  animals  and  different  ways 
of  obtaining  the  air  samples  for  them  to  sniff. 

In  the  first  concept,  birds  selected  for  relatively  good  olfaction 
would  be  carried  on  Coast  Guard  cutters.  When  boats  are  sighted  by  the 
patrolling  cutter,  the  bird  is  released  and  guided  by  radio  transmitted 
commands  towards  one  of  tho  boats  or  the  boat  is  illuminated  by  a  laser  on 
which  the  bird  homes.  The  animal  has  been  trained  to  circle  low  over  the 
boat  and  land  on  it  momentarily  if  the  odor  of  marijuana  is  detected.  The 
landing  triggers  a  signal  which  is  transmitted  back  to  the  Coast  Guard 
cutter.  Then  the  animal  is  signaled  either  to  return  to  the  cutter  or  directed 
toward  another  boat  to  inspect.  A  sea  bird  which  may  have  the  best  olfactory 
capabilities  for  this  job  is  the  Northern  Fulmar. 

Another  idea  is  to  have  an  animal  with  excellent  olfaction  in  an 
airborne  vehicle  (helicopter,  fixed  wing  aircraft,  remote-piloted  vehicle 
or  a  blimp).  The  vehicle  flies  over  each  boat  to  be  checked  out  and  su^ks 
in  samples  of  air  just  down  wind  of  the  boats.  The  samples  are  presented 
to  a  dog,  gerbil,  or  pig  which  indicates  whether  or  not  the  cdor  of  marijuana 
is  present.  The  advantages  of  this  concept  include  greater  quantities  of  air 
which  can  be  tested  and  the  opportunity  of  using  the  animal  with  the  most 
olfactory  sensitivity. 

To  check  out  boats  coming  into  harbors,  an  animal  could  be  stationed 
appropriately  (down  wind)  of  the  narrow  point  at  the  harbor  entrance.  The 
animal  would  give  a  conditioned  response  whenever  it  detected  a  boat  going 
by  with  a  load  of  marijuana.  The  animal  station  might  be  alongside  the 
channel,  on  a  bridge  over  the  entrance,  in  a  balloon  over  the  entrance,  or 
on  a  Coast  Guard  boat  sitting  in  the  channel.  Rodents,  dogs,  or  pigs  are 
potential  sensors. 
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It  may  be  possible  to  breed  an  insect,  such  as  a  fruit  fly,  with  an 
excellent  olfactory  sensitivity  for  marijuana  or  other  narcotics.  Bioluminescence 
bacteria  also  could  be  considered.  That  sensitivity  may  be  found  to  occur 
naturally  in  a  few  of  the  animals  if  a  great  number  are  tested.  If  not,  it  may 
be  found  after  use  of  a  mutagen  to  produce  more  variations  in  the  population 
bred  in  the  laboratory.  If  the  des i  red  sens i t i vi ty  is  found,  then  a  behavior, 
such  as  increased  activity  level  in  the  presence  of  the  stimulus  scent,  must 
be  identified  and  instrumented.  The  insects  could  be  used  to  test  air  samples 
obtained  in  any  of  the  ways  described  above.  A  small  container  of  insects 
could  even  be  carried  by  a  bird  to  a  ship  and  back. 

8. 5. 1.2  Suspect  Ship  Inspection.  When  a  ship  is  suspected  of 
smuggling  and  is  boarded  by  Coast  Guard  personnel,  an  animal  system  may  be 
useful  for  verifying  the  presence  of  and  locating  the  smuggled  goods.  Detection 
of  marijuana  and  perhaps  other  drugs  or  firearms  would  be  possible.  Of  course, 
a  dog  trained  for  narcotics  detection  could  board  the  ship  with  Coast  Guard 
personnel.  Alternatively,  a  small  animal  such  as  a  gerbil  or  rat  could  be 
carried  in  an  attache  case  size  package  with  appropriate  instrumentation. 

The  animal  would  either  press  a  lever  when  it  detected  marijuana  or  be 
instrumented  so  that  the  brain  wave  response  to  murijuana  could  be  recognized. 

In  either  case,  the  presence  of  marijuana  or  other  drugs  would  be  indicated  to 
Coast  Guard  personnel  by  a  light  on  the  attache  case.  Another  possibMity  is 
genetic  development  of  strains  of  insects  or  bacteria  which  are  sensitive  to 
the  vapors  given  off  by  marijuana.  The  insects  would  respond  with  high 
activity  level  and  the  bacteria  by  bioluminescence. 

An  indication  of  the  presence  of  marijuana  might  come  as  soon  as  the 
ship  or  boat  is  boarded.  The  system  might  be  used  to  locate  the  goods  on  the 
ship.  Levels  of  brain  wave  activity,  the  jumping  of  insects,  or  bioluminescence 
are  proportional  to  odor  concentration.  The  gradient  of  response  might  be 
tracked  to  the  source. 
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On  ships  with  containerized  cargoes,  provisions  for  sampling  the 
air  from  the  containers  would  enable  the  Coast  Guard  to  check  for  marijuana. 
Any  of  the  approaches  described  in  this  section  could  be  tried.  Inspection 
of  containers  could  be  conducted  on  shore  before  the  ship  is  loaded  or 
after  unloading. 

Although  the  odors  are  not  as  intense,  other  narcotics,  explosives, 
or  firearms  might  be  searched  for  by  similar  systems. 

8.5.2  Theft  Control 

8.5.2. 1  Waterfront  Facilities.  Several  types  of  animal  systems 
can  be  used  to  guard  waterfront  facilities  to  prevent  theft  of  materials. 

The  systems  would  be  designed  to  detect  movement  of  personnel  where  no  one 
is  supposed  to  be.  Guard  dogs,  of  course,  can  be  employed.  Historically, 
geese  have  also  been  used  as  an  intrusion  detection  systems.  Another 
concept  is  to  train  pigeons  (fo'  daylight)  or  owls  (for  day  or  nighttime) 
for  guard  duty.  The  animals  would  be  in  special  boxes  with  viewing  windows 
located  to  provide  a  g >a- view  of  the  controlled  areas.  The  animals 

are  trained  to  peck  on  a  key  in  the  box  whenever  they  see  a  person. 

The  key  pecking  response  could  set  off  a  loud  alarm  or  send  out  a  call 
for  security  forces. 

8. 5. 2. 2  Aquacul tures .  When  open  ocean  aquaculture  develops, 
there  may  be  a  need  for  a  system  to  guard  against  poaching. 

An  idea  is  to  condition  the  fish  being  grown  in  the  aquaculture 
to  signal  the  approach  of  a  boat.  For  example,  the  fish  might  be  fed 
frequently  at  a  specific  locatio  ■  ; enever  a  boat  approaches.  Then  when  a 
poacher  comes  to  the  facility,  fish  would  congregate  in  the  feeding  area. 


An  electronic  device  would  detect  the  intense  activity  there  and  alert  the 
security  forces. 

8.5.3  Terrorism  Control 

8.5.3. 1  Bird  System  for  Facilities  and  Ship  Security.  Trained 
birds  are  put  in  observation  modules  which  have  a  good  view  of  waterborne 
approaches  to  such  assets  as: 


•  Oil  rigs 

•  Offshore  power  planes 

•  Moored  ships 

•  Waterfront  facilities 

The  birds  could  also  observe  fencelines  along  controlled  access  land 
facilities.  Whenever  a  bird  detects  a  man  or  boat  approaching  the  asset, 
it  pecks  a  key  which  triggers  an  alert  to  security  forces.  The  system 
might  be  set  up  so  that  the  bird  pecks  its  viewing  window  at  the  place  it 
detects  the  intruder,  A  transducer  embedded  in  the  window  would  pick  up 
and  relay  the  direction  of  intruder  approach. 

The  birds  would  have  to  be  trained  to  report  swimmers  on  the 
surface  of  the  water,  small  boats,  people  climbing  up  the  side  of  an  offshore 
facility,  ship,  or  fence,  or  penetrating  a  fence.  Because  of  their  superior 
night  vision,  owls  are  suggested  for  employment  in  this  system.  Pigeons 
with  their  wide  field  of  view  would  be  good  for  daytime  use  if  required. 


-131- 


8. 5. 3*2  Defense  Against  Swimmers  Attacking  Offshore  Assets.  Fish 
and  other  marine  i i f e  tend  to  gather  and  inhabit  the  areas  around  oil  rigs. 
The  rigs  act  as  artificial  reefs.  The  fish  at  those  sites  might  be  condi¬ 
tioned  to  collect  at  specific  locations  everytime  a  swimmer  is  in  the  water 
near  the  oil  rig.  This  might  he  accomplished  by  associating  the  presence 
of  a  swimmer  with  the  delivery  of  food.  A  swimmer  or  scuba  diver  frequently 
would  be  put  in  the  water  near  the  rig  and  swim  towards  it.  Food  would  be 
released  at  a  specific  location  on  the  rig.  After  a  conditioning  period, 
the  fish  should  gather  at  the  feeding  station  whenever  a  swimmer/diver  is 
in  the  area.  The  congregation  of  fish  at  the  station  can  be  detected  by  a 
small  sonar  transducer  or  an  optical  system.  An  alert  would  be  given  to 
security  forces  on  the  rig. 

8. 5- 3- 3  Cruise  Ship  Passenger  and  Baggage  Inspection.  Cruise 
ships  could  be  subject  to  takeover  by  terrorists  boarding  as  passengers  in 
much  the  same  way  as  aircraft  hijackings  have  taken  place.  It  may  become 
desirable  to  inspect  passengers  and  their  luggage  for  firearms  and  explosives 
A  few  system  concepts  are  proposed. 

Dogs  could  be  used  to  inspect  passengers  while  not  interfering  with 
their  civil  liberties  or  putting  them  in  a  stressful  situation.  The  approach 
described  previously,  used  by  researchers  at  the  Allied-General  Nuclear 
Services  research  and  development  facility  in  Barnwell,  South  Carolina  is 
suggested.  Each  passenger  would  step  into  a  booth.  Air  blown  down  from 
the  top  to  the  bottom  of  the  booth  would  exit  a  port  at  the  bottom  where  it 
would  be  sniffed  by  a  dog  trained  for  explosives  detection.  Upon  detecting 
explosives,  the  animal  would  give  a  sit  response.  A  pig  would  also  be  a 
good  candidate  animal.  Rodents  or  insects  in  instrumented  boxes  could  be 
employed.  All  of  these  animals  could  be  completely  concealed  from  the 
passengers.  This  system  might  supplement  use  of  metal  detectors  for  firearms 

Dogs  could  also  be  used  in  a  separate  area  to  sniff  luggage  to 
detect  explosives.  This  is  the  same  system  the  FAA  uses  to  inspect  aircraft 
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luggage  when  a  bomb  threat  Is  received.  It  should  be  remembered  that  an 
important  difference  between  aircraft  and  cruise  ships  is  that  on  cruise 
ships,  the  passengers  have  access  to  ail  of  their  luggage. 

Another  idea,  the  feasibility  of  which  needs  to  be  demonstrated, 
involves  X-raying  luggage.  Instead  of  just  having  a  human  operator  examine 
the  screen,  a  trained  pigeon  is  also  employed  to  pick  out  items  which  show 
patterns  indicative  of  explosive  devices  or  firearms.  For  example,  the  com¬ 
bination  of  images  presented  by  wires,  sticks,  or  blocks  of  explosives,  timing 
mechanisms,  and  detonators,  may  be  recognizable  by  a  pigeon.  Hand  grenades 
and  guns  also  may  be  detected.  The  FAA  has  expressed  interest  in  this  concept. 

8.5.1*  Control  of  Fishing 

There  are  a  few  ways  in  which  animals  could  be  used  to  detect  and 
signal  when  fishing  is  being  carried  out  in  a  controlled  area.  One  is  to 
have  binds  in  balloons  tethered  above  controlled  fishing  areas.  The  birds 
are  trained  to  peck  a  response  key  whenever  boats  fish  in  the  area.  The 
response  would  be  transmitted  by  radio  to  the  Coast  Guard.  The  animals 
would  have  to  be  taught  to  discriminate  between  boats  involved  in  fishing 
and  those  just  transiting  the  area.  A  boat  authorized  to  fish  would  have 
an  electronic  identification  device.  A  radio  signal  from  the  device  would 
block  transmission  of  the  alert  signal  from  the  balloon  or  be  retransmitted 
to  the  Coast  Guard  for  identification  of  the  boat. 

Alternatively,  a  sea  bird  could  be  trained  to  fly  freely  between 
widely  separated  buoys  and  report  fishing  activities  detected.  Detections 
might  be  signaled  by  a  response  given  when  the  bird  reports  in  at  a  buoy 
or  by  a  radio  transmission  from  the  bird  when  it  lands  on  the  water  upon 
detecting  a  fishing  boat. 

8.6  ENVIRONMENTAL  PROTECTION 
8.6.1  Monitoring  and  Surveillance 

A  system  which  uses  bioluminescent  bacteria  to  test  water  quality 
was  described  earlier  (Section  6J.2).  It  may  also  be  possible  to  grow 
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strains  of  bacteria  sensitive  to  specific  pollutants.  Such  systems  would 
provide  the  Coast  Guard  with  sensitive  and  discriminating  field  assay  kits 
for  detecting  and  tracking  pollution  in  various  areas  under  Coast  Guard 
congni zance. 

Also,  it  is  possible  that  small  fish,  such  as  minnows,  could  be 
trained  to  indicate  the  presence  of  specific  chemicals  in  the  water. 

8 . 6 .  Well  Head  Inspection 

The  Coast  Guard  may  get  involved  in  the  inspection  of  oil  rigs  and 
production  sites  to  prevent  pollution.  An  animal  system  might  be  helpful 
in  performing  visual  underwater  inspections  of  well  heads.  A  large  sea  lion, 
dolphin,  or  ray  could  be  trained  to  maneuver  a  TV  camera  and  lights  around 
the  well  head.  A  fiber  optic  cable  could  carry  the  image  to  an  inspector 
on  the  surface  or  the  picture  could  be  put  on  video  tape  (to  avoid  cable 
entanglement).  This  system  would  be  similar  to  the  one  suggested  for  ship 
hull  inspections  except  the  depths  would  be  greater,  but  the  inspection 
area  smal ler . 

8.6.3  Investigation 

No  ideas  are  offered  for  use  of  animals  to  aid  in  pollution 
incidents  investigations. 

8.7  MILITARY  OPERATIONS 

8.7.1  Protection  of  Offshore  Assets 

System  concepts  for  detecting  small  boats  or  swimmers  approaching 
offshore  assets  during  wartime  are  the  same  as  those  suggested  to  control 
terrorist  activities.  During  wartime,  the  threat  and  need  to  protect  more 
facilities  may  be  greater. 
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8.7.2  Protection  Against.  Landings 


Secluded  beaches  could  be  patrolled  by  animals  to  alert  defense  to 
the  landing  of  small  enemy  units  or  agents.  Of  course,  dogs  and  their 
handlers  could  patrol  beaches.  Sea  lions  also  could  guard  beaches.  Birds 
(owls  at  night)  could  be  trained  to  fly  between  stations  separated  by  several 
hundred  yards  along  the  beach.  At  each  station  the  animal  would  report  whether 
or  not  it  spotted  people  along  its  flight  path. 

8.7.3  Ocean  Surveillance 

No  system  concepts  are  offered  for  ocean  surveillance. 

8.7.4  Explosives  Loading/Unloading  Supervision 

No  system  concepts  are  offered  to  perform  this  mission.  However, 
maintaining  security  of  the  area  might  be  supported  by  systems  described 
above  (8.7.2). 

8.7.5  Natural  Disaster  and  Domestic  Emergency  Operations 

A  system  for  underwater  body  search  and  recovery  was  described  pre¬ 
viously  (Section  8.4.2).  That  system  might  be  useful  when  trying  to  determine 
the  number  of  and  recover  casualties  of  major  disasters.  There  will  also  be 
casualties  on  land  or  the  water  surface.  People  may  be  buried  under  rubble 
or  mud  or  floating  on  debris.  Birds  ana  dogs  could  be  used  to  find  the 
injured  as  well  as  the  fatalities. 

The  British  and  Israelis  have  systems  which  use  dogs  with  their 
handlers  to  search  for  bodies  on  land.  The  Coast  Guard  could  develop  a 
similar  system.  The  system  could  be  designated  to  find  injured  personnel 
buried  under  or  hidden  in  the  rubble  of  buildings. 

Pigeons  or  birds  of  prey  could  be  trained  to  circle  over  ravaged 
areas  and  visually  detect  casualties.  It  should  be  possible  to  train  the 
bird  to  even  pick  out  a  limb  protruding  from  under  debris.  When  a  casual ity 
is  detected,  the  animal  would  land  next  to  it.  The  landing  would  trigger 
a  homing  device  to  allow  rescue  workers  to  find  the  casualty. 
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8.8  SUPPORT 

8.8.1  Communicat ions 

No  animal  systems  are  suggested  for  supporting  the  communications 

miss i on. 


8.8.2  Intelligence  and  Security 

Coast  Guard  facilities  can  be  protected  from  intruders  by  animal 
security  systems  described  previously  (Section  8. 5. 2.1). 


No  regular  role  in  intelligence  operations  is  proposed  for  animals. 
Detection  and  identification  of  odorant  tags  covertly  placed  on  ships  or 
contraband  by  agents  is  an  exotic  concept  that  might  occasionally  be  useful. 


8.8.3  Maintenance 

No  suggestions  are  offered  for  use  of  animals  in  maintaining  Coast 
Guard  boats  or  facilities. 


8.8.^  Science  Support 

Scientific  missions  will  vary  greatly  in  their  objectives  and 
conduct.  No  regular  use  is  foreseen  of  animal  systems  by  the  Coast  Guard 
in  support  of  those  missions.  One  can  conceive  of  the  use  of  marine 
mammals  to  track  other  marine  mannals,  find  fish  concentrations,  or 
collect  water  or  bottom  samples  at  different  depths. 


8.8.5  Pub  1 ic  Relations 

One  or  more  animals  could  be  used  by  the  Coast  Guard  as  a  symbol 
to  create  goodwill  and  help  relay  Coast  Guard  messages  to  the  public. 

Smokey  the  Bear  has  served  the  U.S.  Forest  Service  very  well  for  those 
purposes.  The  Coast  Guard  could  use  a  sea  lion  or  porpoise.  If  the  Sea  Hunt 
system  is  well  publicized,  a  pigeon  could  be  used  to  support  boating  safety 
campaigns. 
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In  addition  to  appearances  on  posters  and  other  printed  information, 
some  animals  could  be  trained  for  television  shows,  for  entertainment  and 
publicity  at  boating  shows,  and  even  to  travel  around  for  appearances  at 
marinas  and  Coast  Guard  auxiliary  meetings.  For  those  purposes,  logistics 
and  mobility  would  suggest  use  of  a  sea  lion  or  perhaps  an  otter  as  a 
marine  mammal  symbol  rather  than  a  porpoise. 

8.8.6  International  Relations 

If  the  Coast  Guard  is  successful  in  employment  of  animals  for  some 
of  its  missions,  transfer  of  that  technology  to  some  other  countries  could 
serve  to  aid  international  relations. 

8.9  DISCUSSION  ABOUT  SUGGESTED  CONCEPTS 

The  system  concepts  suggested  above  cover  a  broad  spectrum  of  the 
Coast  Guard's  missions.  The  concepts  vary  greatly  in  potential  cost- 
effectiveness  and  in  risk  undertaken  in  their  development.  These  criteria 
as  well  as  the  others  presented  early  in  this  report  (Section  7.2) 
considered  when  program  planning  recommendations  are  presented.  For 
several  system  concepts,  the  development  risks  are  low  since  identical  or 
similar  systems  have  been  developed  and  are  being  used  by  other  agencies. 
Included  in  that  category  are  the  use  of  dogs  for  narcotics  and  explosives 
detection,  and  marine  mammals  for  underwater  search  and  object  recovery 
tasks,  e.g.,  Quick  Find  and  Deep  Ops  mentioned  earlier.  Concepts  with 
higher  risk  and  corresponding  need  for  more  research  include  use  of  free 
flying  guided  birds,  fish,  insects,  and  bacteria.  With  respect  to  cost- 
effectiveness,  it  should  be  noted  that  most  of  the  systems  are  single 
purpose.  While  the  same  bird  may  be  used  to  guard  an  oil  rig,  a  ship,  or 
waterfront  facility,  that  animal  cannot  also  be  used  for  narcotics  detection. 

The  animals  and  their  associated  special  sensory  capabilities 
proposed  for  use  in  the  various  system  concpets  are: 
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Animal 


Sense 


•  Bacteria  Chemorecept ion 

•  Insects  Olfaction 

•  Fish  (including  sharks  Olfaction,  vibration, 

and  rays)  electromagnetism 

•  Rodents  Olfaction 

•  Birds  Vision  (day  and  night),  possibly 

ol fact  ion 

•  Dogs  Olfaction 

•  Pigs  Olfaction 

•  Marine  mammals  Audition  and  echo  location 

The  potential  use  of  the  sense  of  smell  is  noteworthy.  It  is  a  sense  which 
is  highly  developed  and  used  by  many  animals  but  not  so  much  by  man.  There¬ 
fore,  the  animals  contribute  something  unique.  Likewise,  echoiocation  by 
porpoises  provides  a  special  search  capability.  While  man  makes  good  use 
of  vision,  some  birds  are  superior.  Owls  have  far  better  night  vision, 
hawks  and  eagles  have  greater  acuity,  and  pigeons  have  the  same  acuity  as 
man  but  over  a  wider  field  of  view.  Birds  are  also  more  attentive  than  man 
to  search  tasks  over  prolonged  periods. 

In  addition  to  the  special  sensory  capabilities  of  the  animals,  other 
qualities  were  utilized.  The  small  size  of  bacteria,  insects,  rodents,  and 
birds  makes  them  easily  transportable.  They  can  also  be  bred  rapidly.  The 
diving  and  mobility  of  marine  mammals  and  fish  was  exploited  as  was  flight 
of  bi rds . 

Most  of  the  concepts  proposed  involve  performance  of  one  of  the 
following  tasks: 

•  Guard  duty  (detection  of  intruders) 

•  Inspection  tasks  (carrying  instrumentation) 

•  Searching  for  and  recovering  something  on  the  water  surface 
or  sea  floor 

•  Detection  of  hidden  materials  (e.g.,  narcotics) 
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The  systems  generally  use  trained  captive  animals,  although  some  are  only 
under  behavioral,  not  physical,  control  during  performance  of  the  mission. 

A  few  of  the  concepts  involve  conditioning  animals  in  the  wild  and  subse¬ 
quently  observing  them  to  determine  when  the  conditioned  stimulus  (e.g., 
the  approach  of  an  intruder)  has  occurred.  Also,  a  few  ideas  were 
presented  for  breeding  animals  (insects  and  bacteria)  to  respond  to  selected 
stimuli  (e.g.,  pollutants)  and  using  them  to  detect  those  stimuli.  No 
bionics  systems  were  proposed.  Research  breakthroughs  in  understanding  marine 
mammal  echolocation  or  animal  olfaction  processes  could  pave  the  way  to 
hardware  implementation  of  several  of  the  animal  systems  proposed.  Like¬ 
wise,  better  comprehension  of  electromagnetic  sensing  could  lead  to  better 
metal  and  proximity  detectors. 
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9.0  POTENTIAL  USES  OF  ANIMALS  BY  OTHER  ORGANIZATIONS 


In  addition  to  conceptualizing  uses  of  animals  by  the  Coast  Guard, 
thought  was  given  to  future  uses  of  animals  by  other  organizations  which 
interact  with  the  Coast  Guard.  Those  groups  may  be  law  enforcing,  law 
abiding  or  law  breaking.  Possible  uses  are  discussed  below  along  with  their 
impacts  on  the  Coast  Guard. 

9.1  OTHER  GOVERNMENT  AGENCIES 

9.1.1  Continued  Use  of  Dogs 

Because  of  their  capabilities  and  the  ability  to  use  them  in  various 
working  environments,  it  is  likely  that  dogs  will  continue  to  be  used  by 
several  federal  agencies.  Detection  of  explosives  and  narcotics  and  sentry 
and  patrol  duties  will  be  their  tasks.  Not  until  electronic  devices  are 
developed  which  are  both  as  sensitive  as  the  canine,  are  compact,  and  easy 
to  utilize,  will  the  employment  of  dogs  be  discontinued  for  detection  tasks. 

Not  much  innovation  is  expected  in  the  use  of  dogs;  dogs  and  handler  will 
continue  to  work  together  as  a  close  knit  team. 

9.1.2  Research  on  Rodents 

Within  a  few  years  there  should  be  sufficient  research  results  to 
determine  how  useful  rodents  (mainly  rats  and  gerbils)  will  be  for  detection 
tasks.  The  Army,  Federal  Aviation  Administration,  and  Bureau  of  Alcohol,  Drugs 
and  Firearms  are  sponsoring  research  to  determing  the  olfactory  sensitivity 
of  those  animals  to  materials  of  interest  and  the  best  way  to  get  the 
information  from  the  animals.  If  those  results  are  positive,  then  opera¬ 
tional  systems  utilizing  those  animals  could  be  seen  within  five  years. 

The  main  advantages  of  the  rodents  as  compared  with  dogs  will  be  compactness 
of  the  system  (therefore  greater  mobi 1 i ty),  unobtrus i veness ,  lower  cost,  and 
more  standardized  training.  Again,  breakthroughs  in  development  of  hardware 
systems  would  probably  draw  interest  away  from  rodent  applications. 
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9.1.3 


Systems  Employing  Birds 

The  Coast  Guard's  Sea  Hunt  system  may  stimulate  interest  in  the  use  of 
birds  for  other  applications  by  other  government  agencies.  At  least  two 
other  feasibility  studies  are  being  considered  by  two  different  agencies. 

9.1.4  Marine  Mammals 

Research  and  systems  development  work  by  the  Navy  is  expected  to 
continue.  Within  the  time  frame  of  interest,  more  systems  should 
become  operational.  Some  of  these  will  be  hybrid  systems  involving 
cooperative,  interactive  use  of  hardware  with  the  animals.  Development  of  a 
bionic  sonar  incorporating  many  features  of  porpoise  echolocation  will  be 
real i zed. 

9.2  INDUSTRY 

There  are  no  indications  of  any  surge  in  interest  by  industry  in 
innovative  uses  of  animals.  Use  of  dogs  for  guard  duty  could  increase  as  the 
overall  security  industry  grows.  However,  there  may  be  increasing  competition 
from  electronic  intrusion  detection  systems.  The  popularity  of  animals  in  the 
entertainment  field,  including  commercial  parks,  and  for  promotional 
purposes  should  continue. 

The  impetus  for  growth  oi  employment  of  nals  by  industry  could 
come  from  government  research  and  development  ar.  imposed  requirements.  After 
the  flurry  of  aircraft  hijackings  a  few  years  ago,  the  airlines  were  required 
to  provide  systems  for  inspecting  passengers  and  luggage.  Similarly,  if  an 
animal  system  proves  valuable  in  a  public  safety  role,  its  use  by  industry 
could  be  stimulated  or  even  required. 

9.3  ANTISOCIAL  FORCES 

There  is  no  reason  to  expect  that  terrorists  or  criminals  will  make 
use  of  animals  to  achieve  their  goais.  At  least  for  the  foreseeable  future 
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those  groups  can  continue  to  employ  other,  more  economical  approaches. 

Because  of  their  success  with  current  methods,  they  do  not  need  to  spend 
the  time  and  resources  required  to  develop  and  maintain  animal  systems. 

9.4  IMPACTS  ON  THE  COAST  GUARD 

The  animal  work  by  others  will  have  little  direct  impact  on  the  Coast 
Guard.  The  limited  work  being  conducted  by  other  agencies  will  provide  the 
Coast  Guard  with  considerable  technology  for  developing  its  own  systems  or 
adapting,  for  Coast  Guard  use,  systems  developed  by  others.  Opportunities 
will  be  available  for  utilizing  the  expertise  and  resources  of  other  agencies 
or  participating  in  joint  R  and  D  efforts.  An  example  is  the  development  of 
a  dog  system.  The  Military  Working  Dog  Center  at  Lackland  Air  Force  Base 
could  be  recruited  to  support  the  Coast  Guard  in  that  endeavor.  Likewise, 
research  on  chemoreception  applications  of  insects  could  be  supported  jointly 
by  the  Coast  Guard  and  Customs. 


10.0  RECOMMENDED  PROGRAM 


Many  possibilities  have  been  suggested  for  use  of  animals  in  perform¬ 
ance  of  Coast  Guard  missions.  Some  systems  may  even  be  adaptable  for  multi  - 
mission  performance.  The  system  concepts  vary  greatly  in  feasibility,  utility, 
and  cost  of  implementing.  Certainly,  the  Coast  Guard  will  want  to  be  highly 
selective  in  the  animal  system  developments  it  wishes  to  undertake.  This 
section  deals  with  the  selection  of  system  concepts  for  further  consideration 
by  the  Coast  Guard  and  the  means  by  which  those  chosen  may  be  realized.  First, 
the  status  of  technology  in  using  various  types  of  animals  is  summarized. 

Then  there  is  a  discussion  of  different  ways  the  Coast  Guard  can  get  involved 
in  system  development.  Finally,  system  concepts  are  evaluated  and  recommendations 
are  made  for  specific  projects. 

10.1  TECHNOLOGY  STATUS 

Several  types  of  animals  are  employed  in  various  ways  in  the  system 
concepts  suggested.  The  status  of  technology  in  obtaining,  keeping  and  using 
different  animals  in  large  part  will  determine  the  nature  and  success  of  each 
system  development  venture. 

10.1.1  Dogs 

Of  the  animals  suggested,  man  has  the  most  experience  working  with 
dogs.  The  systems  which  use  dog-handler  teams  should  be  the  easiest  to  get 
operating  as  conceived.  The  animals  are  used  for  detection  of  drugs, 
explosives,  and,  in  security  roles,  people.  Whether  or  not  the  animals  have 
the  sensory  sensitivity  required  for  acceptable  performance  in  a  specific 
application  is  open  to  question  and  should  be  verified  experimentally. 

10.1.2  B i rds 

The  technology  for  keeping  and  training  several  kinds  of  birds  also 
is  quite  advanced.  There  is  considerable  expertise  in  working  with  pigeons 
and  some  birds  of  prey.  Tasks  in  which  pigeons  in  a  chamber  report  on  their 


visual  observations  or  birds  of  prey  fly  overhead  and  dive  on  targets  should 
not  be  difficult  to  demonstrate.  Project  Sea  Hunt  has  already  shown  the 
utility  of  pigeons  for  one  Coast  Guard  mission.  Concepts  which  required 
fitting  electronic  packages  on  birds  and  guiding  them  in  flight  are 
riskier.  Not  only  will  the  behavior  control  technology  require  advancement, 
but  development  of  the  very  compact,  lightweight  electronics  will  be 
challenging.  Training  birds  to  fly  out  searching  with  no  identified 
termination  point  to  the  flight  (e.g.,  in  the  ice  breaking  operations  system 
concept)  could  prove  difficult.  For  several  of  the  concepts  proposed, 
additional  work,  literature  research,  analysis,  and  experiments  should  be 
conducted  to  select  the  best  species  for  the  mission. 

10.1.3  Marine  Mammals 

The  acquisition,  husbandry,  and  training  of  marine  mammals  is  much 
more  recent  than  use  of  dogs  or  birds.  However,  great  advances  have  been 
made  in  those  technologies.  Several  species  have  been  captured,  maintained 
healthy  for  years,  trained,  and  even  bred.  Long  range  transport  and 
delivery  to  working  sites  has  been  perfected. 

Marine  mammals  have  been  trained  to  perform  detection  tasks  in 
their  pens,  or  as  in  the  case  of  Quick  Find  and  Deep  Ops,  in  the  open 
ocean.  Systems  in  which  the  animals  remain  unattended  for  long  periods 
of  time  present  greater  problems  of  animal  control  and  task  behavior  main¬ 
tenance. 

10.1.4  Insects 

A  few  suggestions  have  been  made  for  use  of  insects.  The  animals 
are  not  trained.  Instead,  their  natural  responses  to  innate  or  selectively 
bred  sensitivities  are  employed.  This  approach  presents  several  problems. 
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First  is  the  problem  of  finding  and  developing,  by  selective  breeding,  a 
population  of  insects  which  are  sensitive  to  the  stimulus  of  interest,  e.g., 
the  odor  of  marijuana.  Then  that  population  must  be  maintained.  Finally, 
the  response  of  the  insects  to  the  stimulus  must  be  observed  and  instrumented 
so  that  the  response  information  can  be  passed  on  to  system  operators.  While 
these  problems  may  not  be  insurmountable,  they  pose  many  research  questions 
which  must  be  answered  before  system  feasibility  can  be  demonstrated. 

10.1.5  Fish 

The  behavior  conditioning  and  electronics  technologies  utilized  with 
other  animals  will  certainly  be  applicable  to  development  of  systems  employing 
fish.  However,  little  is  known  about  the  complexity  of  the  tasks  which  fish 
(including  sharks  and  rays)  can  be  trained  to  perform.  Work  in  that  area 
is  in  its  infancy.  Likewise,  the  sensitivity  of  fish  to  specific  stimuli 
which  they  need  to  detect  (e.g.,  selected  pollutants)  is  not  known.  Therefore, 
before  fish  can  be  utilized  in  systems  to  support  Coast  Guard  missions, 
several  research  questions  will  have  to  be  answered  and  innovative  use  made 
of  current  technologies. 

10.1.6  Bacteria 

Use  of  bacteria  was  suggested  only  for  a  few  missions.  The  most 
promising  of  these  is  use  of  bioluminescent  bacteria  to  detect  pollutants 
in  water.  As  described  earlier,  a  commercial  system  is  already  on  the  market 
to  evaluate  overall  water  quality.  However,  research  will  be  required  to 
determine  the  feasibility  of  using  bacteria  to  detect  and  identify  specific 
pollutants.  Considerable  technology  exists  for  conducting  that  research  and 
for  culturing  bacteria  once  the  appropriate  strain  is  isolated. 

10.1.7  Bionics 

Advances  in  bionics  will  depend  upon  behavioral,  physiological,  and 
anatomical  research  on  the  animals  possessing  outstanding  capabilities. 
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Support  is  needed  for  research  on  marine  mammal  echolocation  and  olfaction  in 
several  animals.  The  signal  processing  which  the  animals  perform  must  be  as 
well  understood  as  the  sensory  mechanisms  to  produce  a  complete  bionics  system. 
However,  hybrid  systems  in  which  the  human  does  the  processing  of  signals  from 
a  bionics  sensor  are  also  possible.  For  example,  it  has  been  shown  that  humans 
can  use  returns  from  artificially  generated  porpoise  echolocation  pulses  to  perform 
target  discrimination  tasks. 

10.1.8  Primates 

Monkeys  and  apes  are  not  recommended  in  this  report  for  utilization  in 
systems.  A  combination  of  two  reasons  led  to  their  exclusion.  For  the  most 
part,  these  animals  generally  do  not  exhibit  sensory  capabilities  which  are 
very  exceptional  relative  to  man.  Second,  they  require  considerable  care  and 
attention,  including  a  great  deal  of  social  interaction.  To  utilize  a  primate 
effectively  might  require  a  full  time  trainer/handler. 

10.2  OPTIONS  FOR  COAST  GUARD  INVOLVEMENT 

There  are  several  levels  of  potential  Coast  Guard  involvement  in 
development  and  use  of  animal  systems.  Of  course,  the  Coast  Guard  may  choose 
to  undertake  complete  development  and  sole  utilization  of  a  system.  For  some 
of  the  systems  proposed,  that  may  not  be  either  necessary  or  wise.  At  the  other 
end  of  the  spectrum,  the  Coast  Guard  may  simply  monitor  the  research  and 
development  work  of  other  organizations  and  be  alert  to  possibilities  for 
greater  involvement  at  an  opportune  time. 

In  between  those  two  extremes  are  several  other  levels  of  Coast 
Guard  participation.  Other  agencies  have  similar  interest  to  the  Coast  Guard 
and  are  employing  or  investigating  animal  systems.  As  examples,  Customs  is 
involved  in  stopping  smuggling  of  narcotics.  The  FAA  and  Secret  Service,  among 
others,  are  concerned  with  detecting  explosives.  The  Coast  Guard  could  cosponsor 
animal  systems  research  and  development  work  with  those  agencies.  If  another 
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agency  develops  a  system  similar  to  what  the  Coast  Guard  needs,  the  Coast 
Guard  might  arrange  to  buy  units  of  the  system  from  that  agency  or  contract 
for  procurement  of  the  same  or  similar  design.  Modifications  may  have  to 
be  made  for  Coast  Guard  applications.  The  Coast  Guard  may  not  want  to 
make  the  investment  in  animal  training  facilities  and  personnel  which 
duplicates  those  of  other  agencies.  Trained  dogs  could  be  obtained  from  the 
Air  Force,  and  marine  mammal  training  can  be  accomplished  by  the  Navy. 

If  the  Coast  Guard  does  develop  a  system,  it  may  choose  to  not  operate 
the  system  itself.  System  use  may  be  recommended  to  or  even  required  of 
i ndustry . 

10.3  SUGGESTED  PROJECTS 
10,3.1  Selection  Approach 

There  were  almost  fifty  system  concepts  suggested  in  Section  8.0. 

For  sorrr  missions,  several  concepts  or  variations  of  a  concept  were 
proposed.  Of  course,  the  Coast  Guard  might  only  have  the  resources 
to  support  just  a  few  of  the  worthiest  proposals.  To  provide  a  basis 
for  selecting  projects  to  recommend,  each  of  the  system  concepts  was 
evaluated  against  seven  of  the  higher  level  criteria  presented  early 
in  this  report  (see  Section  7-0).  An  additional  criteria,  "immediacy," 
was  added  for  this  project  selection  purpose.  That  criteria  concerns  how 
pressing  the  demand  is  for  a  system  to  perform  this  mission.  Some  missions 
are  currently  being  performed,  ar.d  better  systems  are  needed.  Others  may  not 
be  required  for  some  time. 

Each  concept  was  evaluated  in  terms  of  the  criteria  using  a  five 
point  scale.  A  five  represented  the  most  favorable  score  and  a  one,  the 
poorest  score.  In  other  words,  a  five  on  the  Alternatives  criteria  means 
that  there  are  no  hardware/personnel  systems  capable  of  performing  the 
missions;  a  one  implies  there  are  lots  of  better  ways  other  than  use  of 
animals.  Three  judges  participated  in  this  evaluation.  One  is  the  lead 
author  of  this  report,  the  second  is  the  contractor  from  Integrated 
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Sciences  Corporation,  and  the  third  is  manager  of  another  animal  R&D  project 
at  NOSl.  The  ratings  of  the  three  judges  on  each  criteria  were  averaged. 

The  criteria  were  equally  weighted  and  the  scores  of  each  were  simply 
added  to  obtain  a  general,  overall  appraisal  of  each  system  concepts 
(see  Table  2) . 

For  each  of  the  high  scoring  concepts  within  each  group  of  missions, 
thought  was  given  to  the  status  of  the  technology  with  respect  to  utilization 
of  the  type  of  animal  suggested  (see  10,1  above).  The  most  appropriate  option 
for  Coast  Guard  involvement  in  system  development  also  was  considered.  Then 
the  recommendations  were  prepared. 

The  importance  of  additional  mission  and  system  analysis  and  more 
detailed  concept  definitions  as  a  first  step  in  undertaking  any  of  the 
proposed  projects  is  emphasized. 

10.3.2  Sea  Hunt 

The  Sea  Hunt  system  was  excluded  from  the  evaluation  because  it  is 
already  well  into  development  for  the  Coast  Guard.  Sea  Hunt  is  becoming  the 
state-of-the-art  for  daylight  over-the-water  search  missions.  The  technical 
feasibility  has  been  demonstrated.  Introduction  of  the  system  to  Coast  Guard 
operational  units  is  recommended. 

10.3.3  Bird  Deployed  From  Boat  for  Surface  Search 

This  system  (see  8, 2. 3.0  employs  a  bird  circling  over  a  Coast  Guard 
boat  to  find  people  in  life  vests  or  rafts,  or  in  disabled  boats.  After  more 
analyses  are  conducted  of  search  and  rescue  missions  from  Coast  Guard  boats, 
further  study  should  be  given  to  the  selection  of  species  of  birds  to  utilize 
for  this  system.  The  literature  should  be  examined  further  and  bird  trainers 
and  curators  consulted.  There  is  more  experience  in  the  training  of  soaring, 
predatory  land  birds  with  the  required  visual  capabilities,  but  a  sea  bird 
might  be  more  appropriate. 
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An  experimental  model  of  the  system  could  be  developed  by  the  Naval 
Ocean  Systems  Center  or  a  private  contractor  for  evaluation  by  the  Coast  Guard. 

About  a  year  and  a  half  should  be  devoted  to  developing  such  a  model  and 
demonstrating  feasibility  and  worth  of  the  concept. 

1 0 . 3 .  Night  Version  of  Sea  Hunt 

It  was  suggested  that  an  owl  be  used  in  a  night  version  of  the  Sea  Hunt 
airborne  search  system.  Considerable  thought  will  have  to  be  given  to  design 
of  their  observation  module  and  the  training  methods  to  be  employed.  The 
owls  may  have  to  be  held  in  place,  respond,  and  be  rewarded  quite  differently 
than  the  pigeon.  Again,  consultations  with  bird  trainers  and  bird  curators 
at  zoos  and  wild  animal  parks  would  prove  profitable. 

The  Naval  Ocean  Systems  Center  or  a  private  contractor  could  develop 
an  experimental  model  of  this  system.  It  would  take  about  a  year  to  develop 
such  a  model . 

10.3.5  Suspect  Marijuana  Smuggling  Ship  Selection 

The  feasibility  of  using  animals  including  birds  to  identify  ships  which 
may  be  carrying  marijuana  should  be  demonstrated.  Preliminary  evaluations  suggested 
that  the  most  viable  concept  involves  sucking  air  samples  into  an  airborne 
vehicle  flying  over  each  ship.  An  animal  in  the  airborne  vehicle  would  sniff 
the  samples  for  the  odor  of  marijuana.  While  the  feasibility  of  this  concept 
is  being  tested,  the  other  concepts  might  be  given  additional  consideration. 

Two  critical  system  development  questions  for  which  answers  should 
be  sought  immediately  in  the  project  are:  1)  What  is  the  sensitivity  of 
different  animals  to  the  odorant  in  marijuana,  and  2)  How  should  the  air 
samples  be  delivered  to  the  animals?  If  a  small  animal  is  used,  it  might  be 
lowered  in  a  capsule  over  the  ship  and  sniff  the  air  directly  through 
a  port  in  the  capsule. 
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Initial  work  on  this  concept  (evaluating  candidate  animals,  training 
behaviors,  and  developing  the  air  sample  delivery  system)  can  be  done  in 
a  laboratory  setting.  Then  a  test  facility  could  be  developed  in  a  bay  or 
or  land.  Finally,  offshore  flight  tests  could  be  conducted  utilizing  target 
ships  intent  ill ly  loaded  with  confiscated  marijuana.  It  is  estimated  that 
about  eighteen  months  would  be  required  to  develop  and  test  an  experimental 
mode!  of  the  system. 

10.3*6  Harbor  Entrance  Monitoring  for  Marijuana  Smuggling 

Development  of  this  system  could  be  carried  out  jointly  with  the 
previous  system  up  to  a  point.  The  animal  selection  and  conditioning  effort 
is  the  same.  There  may  or  may  not  be  additional  joint  work.  That  will 
depend  upon,  the  animal  chosen,  the  interrogations  and  response  mechanisms 
design,  the  air  sample  delivery  method,  and  the  means  of  positioning  the 
system  downwind  of  boats/ships  entering  the  harbor. 

10.3- 7  Inspecting  Ships  for  Narcotics  Smuggling 

Narcotics  detection  dogs  are  available.  If  the  Coast  Guard  is 
interested  in  using  these  animals  to  inspect  suspected  smuggling  ships,  it 
is  suggested  teat  some  shipboard  tests  be  run  with  animals  obtained  from 
the  Air  Force  or  U.S.  Customs  Service.  Some  adaptat:ons  of  the  animals  to 
working  on  board  ships  is  desirable  to  get  the  best  performance.  Smelling 
air  from  cargo  containers  on  and  off  ships  also  should  be  tried. 

In  addition,  it  is  suggested  that  the  Coast  Guard  monitor  the  work 
of  other  agencies  on  use  cf  rats  and  gerbils  for  explosives  detection.  If 
results  are  positive,  the  Coast  Guard  may  consider  a  similar  development 
effort  to  use  chose  animals  for  narcotics  detection  on  board  suspect  ships. 

10.3- 8  Facilities  and  Ship  Security  Systems 

There  are  three  missions  which  call  for  a  security  system  to  protect 
offshore  and  waterfront  facilities  and  ships  from  intruders.  Those  missions 
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are  theft  control,  terrorism  control,  and  protection  of  offshore  assets  as  a 
military  operation.  A  system  utilizing  a  bird  as  an  intruder  detection  sensor 
could,  in  large  part,  perform  all  three  missions.  It  was  suggested  that  a  bird 
with  good  night  vision,  such  as  an  owl,  be  employed. 

There  would  be  substantial  engineering  and  behavioral  efforts  involved 
in  development  of  an  operational  system.  The  first  stage  of  this  project  should 
concentrate  on  the  animal  selection  and  behavioral  aspects  of  the  system. 
Candidate  species  should  be  selected  after  more  study  of  the  literature 
on  bird  vision  and  behavior  and  consultation  with  bird  training  and  behavior 
experts.  Then  an  experimental  program  should  be  started  to  develop  system 
behaviors.  Selected  birds  must  be  conditioned  to  scan  water  surfaces,  the  sides 
of  facilities  and  ships,  and  piers.  They  must  respond  upon  detecting  small  boats 
and  people  (swimmers  or  people  climbing  onto  a  facility  or  ship).  Experimental 
hardware  will  have  to  be  developed  to  support  the  behavioral  work.  A  work 
station,  response  devices,  reinforcement  mechanisms,  and  programming  electronics 
will  have  to  be  built.  However,  engineering  development  of  the  animal's 
observation  booth  and  associated  equipment  can  await  satisfactory  demonstration 
of  system  capability.  That  milestone  should  not  take  more  than  two  years  to 
achieve. 


There  are  a  few  different  ways  of  obtaining  support  for  development 
and  operation  of  this  system.  The  Coast  Guard  may  choose  to  undertake 
feasibility  demonstration  on  its  own.  Alternatively,  support  can  be  sought 
from  the  Navy  as  part  of  one  of  its  security  programs  (e.g.,  W I DS-Waterborne 
Intrusion  Detection  System  or  SNWS-Shi pboard  Nuclear  Weapons  Security). 
Further  development  and  acquisition  of  the  system  also  could  be  jointly 
supported.  Once  the  system  is  operational,  the  Coast  Guard  could  encourage, 
or,  if  the  situation  demands  (i.e.,  terrorist  attacks  on  offshore  facilities 
do  occur),  require  industry  to  procure  and  use  the  system. 
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10.3.9  Cruise  Ship  Passenger  and  Luggage  Inspection 

If  dogs  are  utilized  to  inspect  passengers  for  explosives  (with  the 
passengers  in  booths  separated  from  the  animals),  the  system  could  be 
procured  from  the  Air  Force  Military  Working  Dog  Center.  Use  of  another 
animal  (such  as  a  pig  with  greater  olfactory  sensitivity)  would  require  some 
development  work.  For  the  present,  it  is  suggested  that  an  analysis  be 
performed  of  what  resources  would  be  necessary  to  screen  passengers  boarding 
a  cruise  ship  and  perhaps  experimentally  evaluate  the  concept. 

For  luggage  inspection,  dogs  like  those  trained  for  the  FAA  could 
be  procured  from  the  Military  Working  Dog  Center.  The  Coast  Guard  should  also 
monitor  experimental  work  on  u-:o  of  pigeons  to  screen  x-ray  pictures  of 
1 uggage. 

10.3.10  Environmental  Monitoring 

The  Coast  Guard  might  evaluate  potential  use  of  the  luminescent 
bacteria  water  quality  testing  system  described  earlier  (Section  6.7-2), 

It  also  could  collaborate  with  the  Environmental  Protection  Agency  in 
supporting  research  to  develop  strains  of  bacteria  sensitive  to  specific 
pollutants.  At  the  least,  the  Coast  Guard  should  monitor  advances  in 
research  on  use  of  bacteria  ar.  bioindicators  and  De  alert  to  their  potential 
utility  as  environmental  protection  problems  as  Coast  Guard  responsibilities 
in  that  arena  change. 

10.3.11  Military  Systems 

A  dialogue  should  be  carried  out  between  the  Coast  Guard  and  ihe  Navv 
on  Coast  Guard  missions  during  different  types  of  hostilities.  The  potential 
procurement  and  use  of  animal  systems  to  perform  those  missions  should  be 
discussed.  The  Navy  is  best  prepared  to  develop  and  produce  the  systems. 

The  Coast  Guard  should  maintain  cognizance  of  some  systems  and  perhaps  have 
some  personnel  trained  in  their  use. 
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10.3.12  Public  Relations/Promotional  Symbol 

A  different  type  of  concept  than  those  previously  expressed  is  utilizing 
an  animal  as  a  symbol  to  foster  a  good  public  image  of  the  Coast  Guard  and 
promote  specific  causes,  such  as  boating  safety.  This  project  can  either  be 
handled  by  the  Coast  Guard  or  a  public  relations  firm  brought  in  to  manage 
the  endeavor.  The  only  animal  work  required  is  the  training  of  a  few  animals  for 
public  appearances  and  media  presentations. 

10.3.13  Bionics 

The  Coast  Guard  should  monitor  and  possibly  support  research  and 
development  work  being  performed  elsewhere  on  bionic  sonars,  artificial  noses, 
and  automated  pattern  recognition.  When  substantial  advances  are  noted  in 
those  technologies,  their  potential  application  to  Coast  Guard  missions  should 
be  reconsidered. 

10.3.  1  Overall  Monitoring  Effort 

Specific  system  development  projects  were  suggested  in  the  previous 
paragraphs.  Those  involved  the  more  promising  system  concepts  and  immediate 
or  important  Coast  Guard  needs.  However,  needs  have  a  way  of  changing, 
discoveries  are  made  of  animal  capabilities,  and  new  ideas  occur  on  how  to 
employ  animals.  A  continuing  project  is  suggested  to: 

•  Maintain  awareness  of  what  is  being  done  in  animal  research 
and  systems  development  in  other  government  agencies, 
universities,  research  institutes,  and  industry.  Liaison 
should  be  continued  with  those  working  on  anima!  projects. 

•  Analyze  Coast  Guard  missions  and  projections  with  a 
sensitivity  to  potential  applications  of  animal  systems. 

•  Prepare  program  recommendations  for  animal  research,  systems 
development,  and  utilization. 
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11.0  CONCLUSIONS 


The  increase  in  economic  and  recreational  activities  in  the  marine 
environment  over  the  next  twenty-five  years  will  place  greater  demands  upon 
the  Coast  Guard.  The  basic  nature  of  several  Coast  Guard  missions  will  stay 
the  same,  but  the  workload  will  increase  and  the  means  of  performance  may  have 
to  be  modified.  Vessel  traffic  safety  exemplifies  such  a  mission.  Other  demands, 
such  as  protection  of  offshore  facilities  from  terrorism,  will  be  new  to  the 
Coast  Guard.  The  burden  of  a  few  responsibilities  may  be  eased,  for  example, 
in  the  face  of  requirements  for  search  and  rescue  services,  greater  partici¬ 
pation  of  states  and  cities  may  be  sought. 

There  are  animals  which  have  special  capabilities  that  can  be  used  to 
help  perform  some  Coast  Guard  missions.  In  selected  animals,  the  capabilities 
superior  to  man's  are  the  senses  of  Smell,  sight,  and  hearing  (especially 
echolocat ion) .  Those  sensory  capabilities  are  sometimes  complemented  by  other 
desirable  qualities  such  as  attentiveness,  which  is  difficult  to  maintain  in 
man.  The  diving  and  swimming  capabilities  of  marine  mammals  and  the 
flight  of  birds  also  may  be  used  in  conjunction  with  their  extraordinary  sensory 
character i st i cs . 

Several  of  the  system  concepts  to  use  animals  for  Coast  Guard  missions 
warrant  consideration  for  development  and  evaluation  of  experimental  models. 

In  that  category  are  systems  for  day  and  night  SAR,  marijuana  smuggling 
interdiction,  and  facility  and  ship  security  missions.  The  first  two  of  those 
missions  currently  are  highly  demanding  of  Coast  Guard  resources  and  are 
expected  to  continue  well  into  the  future.  If  terrorism  is  directed  against 
the  United  States,  the  onset  of  the  security  mission  in  the  economically 
growing  marine  environment  could  be  dramatic. 

There  are  animal  systems  which  are  being  used  or  developed  by  other 
organizations.  Security,  environmental  monitoring,  and  military  support  tasks 
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are  performed.  Those  systems  might  be  modified  or  used  directly  by  the  Coast 
Guard.  The  Coast  Guard  may  wish  to  evaluate  those  systems  for  its  own  use, 
support  additional  development,  or  make  plans  to  procure  and  employ  the  systems 
if  and  when  they  are  needed. 

An  animal  symbol  could  be  used  to  foster  Coast  Guard-public  relations 
and  stimulate  interest  in  certain  programs  such  as  boating  safety,  recruiting, 
etc.  The  symbol  could  be  used  on  published  materials,  and  a  few  live  animals 
could  be  trained  for  public  appearances. 

A  modest  but  continuing  effort  should  be  devoted  to  analyzing  Coast 
Guard  missions  with  respect  to  potential  applications  for  animals.  That 
project  should  maintain  awareness  of  animal  behavior  and  capabilities  research 
and  of  system  developments. 

In  summary,  there  are  limited,  but  potentially  valuable,  uses  of 
animals  by  the  Coast  Guard.  Some  are  '/orthy  of  immediate  attention.  Other 
applications  may  prove  worthwhile  in  the  future. 
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REVIEW  OF  ANIMAL  CAPABILITIES 


APPENDIX  A 


A. 1  VISUAL  CAPABILITIES  OF  SELECTED  ANIMAL  GROUPS 

Light  sensitivity  of  some  type  exists  in  every  phylum  of  the  animal 
kingdom  with  maximal  capabilities  in  most  parameters  of  vision  present  In 
birds.  Man  has  excellent  overall  vision  with  respect  to  most  animals  but  fre¬ 
quently  other  organisms  surpass  humans  in  particular  parameters  of  vision. 

For  example,  many  insects  are  sensitive  to  ultraviolet  and  a  few  are  sensitive  to 
infrared  light;  sensitivity  o  the  plane  of  polarized  light  is  common  in 
invertebrates;  and  many  mammals  are  sensitive  to  light  intensities  lower  than 
humans  can  perceive,  etc.  These  and  other  differences  and  comparisons  are 
summarized  in  Table  A.  1  .  The  unusual  capabilities  of  four  animal  groups  with 
potential  usefulness  will  be  described  below.  A  fifth  section  will  discuss  unique 
but  probably  less  useful  visual  capabilities  in  a  variety  of  other  animals. 


The  Octopus  ( Cephalopoda ) 


A  good  recent  review  of  Cephalopoda  biology,  with  special  reference  to 
the  octopus,  is  contained  in  the  Octopus  by  M.  J.  Wells,  1978. 


The  anatomy  of  the  octopus  eye  is  similar  to  man  and  its  capabilities 
are  comparable  in  many  respects  but  important  differences  exist.  Octopus  eyes 
are  fixed  in  their  sockets  and  binocular  vision  is  absent.  This  is  not  the 
case  however  in  the  related  squids  and  cuttlefish  which  have  good  binocular 
vision.  Also,  the  octopus  eye  houses  a  slit-Hke  pupil  that  is  always  main¬ 
tained  in  a  horizontal  position  for  a  visual  environmental  reference.  In 
addition,  the  eye  of  the  octopus  is  in  focus  for  a  few  meters  distance  when 
relaxed  and  accomodation  must  occur  to  focus  at  other  distances,  however, 
this  accomodation  mechanism  is  not  as  quick  and  accurate  as  in  humans  and  cer¬ 
tainly  not  strong  enough  for  an  octopus  to  focus  adequately  out  of  water. 

Color  discrimination  is  similarly  poor  with  respect  to  man  but  does  exist  to 
some  degree,  (Menzel ,  1979).  The  image  perceived  by  an  octopus  is  quite 
different  from  human  standards  as  exemplified  by  the  following  facts;  the 
octopus  cannot  be  trained  to  discriminate  between  diagonal  lines  oblique  to 
the  left  or  right,  although  it  can  discriminate  horizontal  from  vertical 
lines  and  octopi  only  show  behavioral  responses  to  size  differences  of  at 
least  lOO?',  tending  to  simply  attack  most  small  objects  and  escape  from  large 
ones  usually  without  regard  to  visual  details,  (Wells,  1978). 
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Definite  advantages  of  octopus  vision  include  sensitivity  to  the  plane 
of  polarized  light,  slow  but  very  good  adaptation  to  low  light  intensities 
(correlated  to  its  nocturnal  predatory  lifestyle)  and  a  wide  field  of  view. 

The  acuity  of  octopus  vision  has  been  tested  to  be  at  least  17  minutes  of 
arc,  the  best  measured  in  any  invertebrate. 

A. 1.2  F?  sh  and  Sharks 

Sharks,  skates  and  rays,  i.e.,  the  Elasmohvanchii ,  have  good  visual 
sensitivity  to  movement  and  contrast  especially  at  low  light  intensities, 
(Costeau,  1970).  An  indication  of  this  movement  sensitivity  is  the  high 
flicker  fusion  frequency  (45/second)  found  in  lemon  sharks,  (Gilbert,  1 9&3 ) » 

The  minimum  intensity  of  light  in  which  sharks  can  see  is  about  l/10th  of 
the  minimum  threshold  for  humans,  (Gruber,  et  al,  1977).  However,  this  high 
sensitivity  to  light  is  inevitably  accompanied  by  correspondingly  poor  acuity 
and  little  or  no  color  vision,  (Gilbert,  1963).  Sharks  typically  have  a  wide 
field  of  view,  and  dark  adaptation  covers  a  wide  dynamic  range  and  is  rapid, 
(Gruber,  et  al ,  1978).  The  shark  eye  at  rest  is  in  focus  for  about  50  feet 
and  accommodation  must  occur  for  vision  at  other  distances.  Vision  in  all 
marine  animals  is  limited  by  water  clarity  and  is  normally  under  100  feet  in 
range.  The  visual  range,  and  in  fact  all  the  above  mentioned  characteristics, 
are  consistent  with  the  shark's  role  as  a  nocturnal  predator. 

Fishes  can  be  conveniently  divided  into  those  that  inhabit  the  photic 
zone  (where  sunlight  penetrates),  and  those  that  inhabit  the  deep  sea.  Generally 
speaking,  most  photic  zone  fishes  can  discriminate  colors  although  such  color 
discrimination  is  less  than  what  humans  achieve.  Furthermore,  the  breadth  of 
the  frequency  range  over  which  fish  are  sensitive  is  similar  to  man  but  shifts 
increasingly  toward  shorter  wavelengths  in  species  that  inhabit  progressively 
deeper  waters,  (Muntz  and  McFarland,  1977'.  Yeager  and  Thorpe,  1970).  Most 
photic  zone  fish  have  a  fovea  and,  although  acuity  is  variable  with  lifestyle, 
the  best  acuity  in  fish  equals  man,  i.e,,  1  minute  of  arc,  (Muntz  and  McFarland, 
1977).  Also  some  fish  are  highly  sensitive  to  contrasts.  Binocular  vision  is 
variable  in  photic  zone  fish  and  most  tend  to  have  a  wide  field  of  view. 
Accommodation  capabilities  are  also  variable.  Finally,  it  is  noteworthy  that 
once  again  there  are  competing  goals  between  acuity  and  color  vision  on  one 
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hand  and  low  intensity  vision  on  the  other,  such  that  those  fishes  with  high 
acuity  and  good  color  vision  have  relatively  poor  low  intensity  vision.  This 
capability  tradeoff  is  inherent  in  the  physiology  of  most  visual  receptors  be¬ 
cause  there  are  basically  two  receptor  types  competing  for  space  In  the  retina, 
each  corresponding  to  one  capability,  and  thus  more  of  one  capability  implies 
less  of  the  other. 

The  deep  sea  fish  retina  contains  almost  all  rods  and  therefore  is 
sensitive  to  very  low  light  intensities,  especially  in  the  short  wavelengths, 
(Boden  and  Kampa,  197*0.  Acuity  and  color  discrimination  are,  of  course,  poor. 
Other  characteristics  including  binocular  vision,  tubular  eyes  and  a  limited 
field  of  view  are  adaptations  that  further  enhance  low  intensity  vision, 
(Lockett,  1977).  Deep  sea  fish  species  often  produce  weak  light  of  their  own, 
and  this  ability  is  employed  in  many  life  sustaining  functions,  (Clark  and 
Wertheim,  1956). 

A. 1.3  Birds  ( Aves ) 

Two  good  general  references  for  avian  vision  are  Marler  and  Hamilton, 
1966  and  Walls,  1 963 -  More  up-to-date  information  is  available  in  the  Hand¬ 
book  of  Sensory  Physiology. 

The  most  outstanding  adaptations  of  visual  capabilities  are  found  in 
the  class  Aves.  The  fovea  is  a  slightly  depressed  retinal  area  of  highly  con¬ 
centrated  receptor  cells.  The  fovea  usually  corresponds  to  an  area  of  high 
acuity  and  good  color  vision.  In  man  this  area  subtends  a  visual  field 
about  the  size  of  a  dime  at  arms  length.  In  some  birds,  however,  the  fovea 
achieves  great  size  and  complexity;  for  example,  many  birds  of  prey  have  two 
foveae  in  each  eye  for  wide  field  instantaneous  scanning  and  prey  detection. 
Generally,  the  foveal  area  In  birds  is  species  specific  in  size  and  shape 
depending  on  the  birds  particular  lifestyle  and  requirements.  For  example, 
hawks,  eagles,  ducks,  swallows  and  shorebirds  all  have  a  long  foveal  area 
parallel  to  the  horizon  such  that  they  can  instantly  survey  a  wide  view  in 
great  detail  without  "scanning"  across  the  horizon  as  humans  must. 

The  acuity  in  the  foveal  area  is  very  high  and  is  best  in  hawks, 
eagles,  and  vultures,  (1*4  seconds  to  70  seconds  of  arc).  One  old  world 
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vulture,  Buteo  buteo,  has  a  foveal  cone  density  so  high  that  it  can  discriminate 
8  seconds  of  arc,  or  about  8  times  man's  best  (Milne,  1967). 

Movement  sensitivity  is  closely  related  to  acuity  but  employs  additional 
components.  For  example,  the  pigeon's  acuity  is  the  same  as  man's,  however 
its  movement  sensitivity  is  much  better.  Pigeons  can  detect  movement  of  15°/hr 
in  a  rotating  object  such  as  the  hour  hand  of  a  clock  (Meyer,  1977).  The  high 
movement  sensitivity  of  pigeons  is  also  indicated  by  their  high  flicker  fusion 
frequency  (Meyer,  1977).  (Note  in  Table  A. 2  that  man  has  a  flicker  fusion 
frequency  of  about  25/sec.  but  insects  achieve  as  much  as  250/sec.)  Other 
birds  with  high  acuity  can  also  be  expected  to  have  good  movement  sensitivity. 

Contrast  detection  is  another  capability  closely  related  to  acuity. 

In  addition  to  foveal  cone  density,  the  presence  of  oil  droplets  in  the  retina 
aids  in  heightening  contrasts  between  objects,  a  capability  especially  useful 
on  misty  and  overcast  days  (Welty,  1975).  However,  this  contrast  sensitivity 
is  obtained  at  the  expense  of  color  discrimination  in  the  green-blue  due  to 
selective  absorption  of  those  wavelengths  by  the  oil  droplets. 

Some  species  of  birds  with  high  acuity  also  have  excellent  (i.e., 
similar  to  man)  color  vision.  However,  many  birds  have  retinal  oil  droplets 
and  thus  have  limited  color  discrimination  in  the  blue-green  range  as  just 
mentioned.  Exceptions  include  the  hawks,  parrots,  owls  and  woodpeckers  which 
have  no  oil  droplets  and  thus  discriminate  color  in  the  green-blue  as  well  as 
man  (Hess,  i960).  Nocturnal  birds  can  be  expected  to  have  poor  color  dis¬ 
crimination  as  exemplified  by  owls  which  are  apparently  red  blind.  It  is  note¬ 
worthy  that  pigeons  are  capable  of  detecting  ultraviolet  light  as  well  as  the 
plane  of  polarized  light  (Kreithen,  1979). 

As  previously  mentioned,  low  intensity  vision  and  the  high  acuity-high 
color  vision  just  described  are  competing  goals.  Most  birds  are  diurnal, 
require  high  light  intensities  for  vision  but  have  excellent  acuity  and  color 
vision.  A  few  nocturnal  species  have  sacrificed  these  goals  in  order  to  see 
at  night.  These  birds  include  nighthawks,  poorwills,  oil  birds  (Nicol  and 
Arnott,  197*0,  and  the  equisitely  adapted  owls.  Owls  can  see  in  100  times 
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less  light  than  humans  and  yet  are  still  capable  of  matching  our  day  time  acuity. 
Also,  crows  are  capable  of  intensity  discrimination  comparable  to  man  whereas 
most  other  diurnal  birds  are  not. 

The  field  of  view  is  typically  very  wide  in  birds.  In  those  species 
without  a  wide  field  of  view  the  mobility  of  the  neck  is  such  that  vision  around 
360°  is  rapid  and  efficient,  for  example,  the  owl 1  s  field  of  view  is  relatively 
narrow,  but  it  can  rotate  its  head  through  270°  thus  allowing  36O0  vision. 
Binocular  vision  is  also  important  for  most  birds  because  depth  perception  is 
essential  for  navigation  and  safety  in  flight.  The  predatory  birds,  e.g., 
tne  hawks  and  owls  are  notable  in  this  respect  with  60°-70°  binocular  overlap. 

With  the  aforementioned  visual  capabilities  it  is  obvious  that  birds 
can  discriminate  details  of  form,  shape,  color  and  pattern  etc.  It  has  also 
been  demonstrated  that  birds  can  be  trained  to  respond  to  visual  details,  even 
to  the  point  of  "constancy"  or  concept  formation  as  detailed  for  the  pigeon 
in  Section  5-0  of  this  report. 

One  final  avian  visual  capability  is  noteworthy.  Several  types  of 
birds  are  capable  of  good  vision  both  in  air  and  under  water.  By  various 
adaptations  the  diving  ducks,  loons,  auks  and  cormorants  can  accommodate  very 
strongly  to  allow  good  vision  under  water.  Some  insectivorous  birds  also 
accommodate  very  strongly  but  are  not  specifically  adapted  for  under  water 
vision. 

A . 1 . 4  Seals  and  Sea  Lions  ( Pinnipedia ) 

Sea  lions  have  strong  accommodation  and  thus  see  well  both  in  and  out 
of  water,  and  in  addition,  also  have  good  vision  in  low  light  intensity.  Acuity 
of  vision  is  4-6  minutes  of  arc  under  water  even  in  low  light  (2  X  10  ^ml) . 

The  same  level  of  acuity  can  be  achieved  in  air  but  moderate  light  is  required. 

At  low  light  intensity  (2  X  10  ^mL)  acuity  in  air  is  only  about  8-10  minutes 
of  arc  (Harrison  et  al.,  1 968) . 

Several  pinniped  species  have  been  trained  to  discriminate  size  dif¬ 
ferences  of  6%,  the  best  species  being  the  sea  lion  with  a  discrimination  limit 
of  3%  (Harrison  et  al.,  1968). 
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Good  binocular  vision  is  present  in  pinnipeds  as  an  adaptation  for 
pursuing  and  capturing  fish.  intensity  discrimination  is  also  good  and  helps 
compensate  for  their  almost  complete  lack  of  color  vision. 

Pinnipeds  are  fast  learners  relative  to  r^ost  mammals  and  have  been 
trained  to  discriminate  various  geometric  shapes  containing  small  differences. 
Visual  learning  was  equally  good  in  the  California  Sea  Lion,  the  harbor  seal, 
and  the  stellar  sea  lion,  (Harrison  et  a!.,  1968). 

A. 1 . 5  Other  Visual  Capabilities 

Other  animal  groups  possess  visual  abilities  with  no  obvious  utility, 
yet  these  abilities  are  noteworthy  inasmuch  as  they  may  be  useful  in  conjunc¬ 
tion  with  some  other  capability. 

Many  insects  are  sensitive  to  both  the  plane  of  polarized  light  and  ultra 
viok  radiation.  More  rarely,  certain  insects  are  sensitive  to  infrared  light 
and  even  X-rays.  Insects  also  possess  an  extremely  high  flicker  fusion  fre¬ 
quency  and  thus  also  good  sensitivity  to  movement.  Some  insects  see  color, 
others  produce  light  of  their  own  and  a  few  predatory  insects  even  form  visual 
images.  However,  insects  are  limited  in  a  general  way  by  severe  myopia  and 
lack  of  accommodat i on ,  and  in  addition  require  high  light  intensity  to  achieve 
any  visual  response. 

Reptiles  possess  moderately  good  vision  but  are  relatively  unremarkable 
with  the  exception  of  geckoes,  which  have  highly  mobile  eyes  and  excel lect  low 
intensity  vision. 

Among  mammals  man  has  very  good  vision,  but  many  others  see  better  in 
dim  light,  Ir.  fact  most  mammals  have  completely  sacrificed  acuity  and  color 
vision  for  the  ability  to  see  better  at  night. 


Table  A.  I  Parameters  of  Visual  Capabilities  in  Selected  Animal  Groups 
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A.  2  THERMORECEPTION  IN  SELECTED  ANIMAL  GROUPS 

Parameters  of  thermosensitivity  in  selected  animal  groups  are  listed 
in  Table  A. 2.  Thermosensitivity  is  limited  to  relatively  few  animal  groups 
and  is  only  well  developed  in  a  few  fish,  insects,  and  reptiles. 

Most  animals  have  poor  thermosensitivity  with  respect  to  man-made 
thermosensitive  instruments.  For  example,  mammalian  thermoreception  is 
largely  reflexive  and  utilized  for  thermoregulation  or  pain  reception. 

Thermal  behavioral  stimuli  in  mammals  are  usually  limited  to  gross  environ¬ 
mental  temperature  changes,  although  a  man  can  detect  a  warming  of  ,001°C/sec 
at  35°C  as  the  entire  body  surface  is  so  stimulated  (Alexander,  1975). 

Birds  are  similarly  quite  limited  in  this  sensitivity  with  the  notable 
exception  of  the  incubator  bird  Lei poa  ocel lata  (Firth,  1959).  Marine 
invertebrates  (bottom  fouling  organisms)  show  some  thermal  selectivity 
during  developmental  stages  when  mobile  larvae  choose  sites  for  colonization. 
The  Elasmobranchi i  also  show  thermosensitivity,  but  this  is  a  by-product 
(thermoelectric  transduction)  of  their  outstanding  electrical  sense 
(Hodgson  and  Mathewson,  1978). 

Among  animals  with  good  thermosensitivity,  the  reptiles,  specifically 
pit  vipers  (Crotal i dae) ,  are  the  best  examples.  A  change  in  temperature  of 
1  X  1 0_i* ° C  at  the  receptor  surface  is  adequate  to  elicit  a  behavioral 
response  (Milne  and  Milne,  1967).  Some  fish  also  show  good  thermosensitivity 
being  able  t  detect  a  temperature  gradient  of  .03°C  from  the  head  to  the 
body.  Among  the  Arthropoda,  blood  sucking  species  that  depend  on  warm 
blooded  hosts  often  have  sensitive  and  rarely  directional  thermoreception 
(Richards  and  Davies,  1977).  In  addition,  social  insects  (bees,  ants,  and 
termites)  have  thermosensitivity  which  allows  thermoregulation  of  the  colony 
within  about  1°C. 
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Table  A, 2  Parameters  of  Thermosensitivity  in  Selected  Animal  Groups 
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CHEMORECEPT ION  IN  SELECTED  ANIMAL  GROUPS 


A. 3 

It  is  difficult  to  characterize  chemorecept ion  briefly.  However, 
the  following  short  introduction  along  with  Table  A. 3  will  provide  a  general 
idea  of  relative  chemorecept i ve  capabilities  of  animals. 

Chemorecept ion  can  be  conveniently  divided  into  three  categories  de¬ 
pending  on  the  type  of  receptor  and  distance  from  the  stimulus  at  which  it  is 
adapted  to  function.  The  most  primitive  type  of  chemorecept ion  is  the  common 
chemical  sense  in  which  the  receptors  are  relatively  non-special ized  areas 
of  skin  surface  or  membranes  and  the  stimulus  is  usually  an  irritant  which 
must  be  applied  directly  to  receptor  areas  to  elicit  a  response.  This  contact 
chemorecept ion  is  similar  to  the  sensitivity  of  the  human  eye  and  mucous 
membranes  to  salt  soap  and  other  irritants.  The  common  chemical  sense 
generally  has  low  sensitivity  and  specificity  and  provides  a  relatively  crude 
system  for  lower  animals  to  detect  basic  environmental  stimuli.  Many 
vertebrates,  sharks  for  example,  have  retained  this  type  of  chemorecept ion 
to  some  degree.  A  second  type  of  chemorecept ion  is  gustation  or  taste. 

Gustation  is  characterized  by  specialized  receptor  organs  and  responses  to 
stimuli  that  must  be  presented  on  or  very  close  to  those  receptor  organs. 

Thus,  gustation  is  also  a  contact  chemical  sense,  although  this  criterion 
tends  to  break  down  in  aquatic  organisms.  Gustatory  specificity  and  sensi¬ 
tivity  are  moderate.  Taste  is  commonly  associated  with  vertebrates,  but 
insects  often  have  equal  or  better  abilities.  Olfaction  (or  smell)  is  the 
third  category  of  chemorecept ion  and  is  by  far  the  most  advanced  in  terms 
of  specificity  and  sensitivity  as  well  as  the  greater  distances  at  which 
chemical  stimuli  are  detected.  Highly  specialized  receptors  of  many  types 
are  usually  housed  in  a  specialized  organ  for  olfaction.  Olfaction  is  a 
primary  source  of  environmental  information  in  insects,  fish  and  most  mammals. 

Chemorecept ion  can  be  further  character i zed ,  like  other  sensory  systems, 
by  adaptation,  i.e.,  the  loss  of  response  in  the  presence  of  a  continuing 
stimulus.  It  should  be  noted  that  chemorecept i ve  adaptation  occurs  strongly 
in  vertebrates  usually  with  rapid  onset  and  recovery. 
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Present  research  is  at  the  level  of  working  out  the  mechanism  of 
chemical  stimulation  of  receptor  cells,  i.e.,  how  chemoreceptor  systems  can 
respond  to  the  huge  quantitative  and  qualitative  variety  of  chemical  stimuli. 
Other  research  involves  improving  methods  of  measurement.  Recent  olfactory 
and  gustatory  measurements  in  the  research  literature  are  inconsistent.  These 
inconsistencies  are  the  result  of  wide  natural  variation  in  chemorecept i ve 
ability  from  individual  to  individual  within  the  same  species,  and  also  due 
to  variations  and  inaccuracies  in  the  methods  of  testing.  Thus,  accurate 
measurement  of  extremely  sensitive  chemorecept ion  is  still  a  significant 
problem.  For  example,  human  thresholds  would  seem  to  be  easily  measured  but 
man  has  been  found  to  vary  1000  fold  in  his  olfactory  sensitivity  to  certain 
compounds,  (Amoore,  1971);  and  different  investigators  have  found  absolute 
thresholds  of  human  taste  that  vary  up  to  two  orders  of  magnitude.  In 
order  to  remove  individual  variation  and  testing  errors  from  chemorecept i ve 
measurements  the  methods  for  testing  are  becoming  increasingly  statistical 
and  comparative. 

Thus,  characterizing  chemorecept ion  in  a  quantitative  way  is  some¬ 
times  hazardous,  but  comparative  and  qualitative  statements  can  be  made 
with  some  confidence.  Table  A.  3  character i zes  animal  chemorecept i ve  abilities 
by  giving  a  representative  stimulus  compound  or  compounds  and  listing:  the 
absolute  threshold  sensitivity  to  that  stimulus,  how  specific  the  response 
is  to  the  stimulus  as  opposed  to  related  odors,  how  much  of  a  change  in 
concentration  of  the  stimulus  is  detectable,  and  if  the  capability  is 
directional.  Also,  the  type  of  chemorecept ion  (olfaction,  gustation,  or 
common  chemical  sense)  is  noted.  The  stimuli  listed  are  those  that  have 
low  thresholds  due  to  some  biological  •  ignificance  to  the  organism  in  ques¬ 
tion.  Occasionally  stimuli  of  standard  laboratory  chemicals  are  given  for 
comparative  purposes. 

In  general  chemorecept ion ,  like  vision,  is  present  in  all  animal 
phyla.  It  is  probably  the  most  anciert  of  all  sensory  systems.  It  functions 
as  a  mode  of  sensory  input  basic  to  many  life  processes  including  feeding, 
reproduction,  communication  and  orientation.  Invertebrates  possess  highly 
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variable  abilities  with  insects  and  molluscs  outstanding.  Among  vertebrates 
fish  and  mammals  have  excellent  chemoreception,  but  birds,  bats,  primates, 
amphibians  and  reptiles  are  relatively  unremarkable,  (Parsons,  1971).  In  this 
sensory  capacity  humans  are  exceptionally  poor  with  respect  to  the  entire 
animal  kingdom,  being  surpassed  by  organisms  ranging  from  pigs  to  bacteria. 

As  was  done  previously,  animal  groups  of  potential  usefulness  will  be  dis¬ 
cussed  separately  in  more  detail  below. 

A. 3- I  Bacteria 

Many  bacteria  have  sensitivity  to  biologically  relevant  compounds 
in  the  range  of  a  few  parts  per  million,  however,  specificity  is  poor. 
Chemoreception  is  accomplished  by  an  unknown  contact  mechanism.  Usually 
individual  strains  are  exceptionally  sensitive  to  one  or  a  few  compounds  and 
respond  to  such  compounds  by  movement  or  a  biochemical  change  etc. 

There  are  two  fundamental  problems  associated  with  utilizing  bacterial 
chemoreception.  First  the  chemosens i ti v i ty  must  be  somehow  directed  speci¬ 
fically  toward  a  particular  useful  stimulus,  and  second  it  is  necessary  to 
have  some  quick  and  easily  observable  indicator  of  the  bacterial  response. 

The  first  problem  can  be  overcome  by  selective  breeding  of  bacteria  to  obtain 
strains  sensitive  and  specific  to  appropriate  stimuli.  The  use  of  mutagens 
to  increase  variability  from  which  selection  can  occur,  and  the  rapid  genera¬ 
tion  time  of  bacteria  would  both  facilitate  this  process.  The  second  problem 
can  be  solved  by  several  methods.  For  example,  specific  metabolic  products 
only  produced  in  the  presence  of  the  stimulus  compound  could  be  indicated 
by  chemicals  that  change  color  in  their  presence.  Another  indicator  that 
has  been  used  is  photoemission  or  b i ol umenescence .  The  now  discontinued 
biosensor  division  of  Bauscn  and  Lomb  researched  and  tested  such  a  detect  ion 
system  utilizing  bacterial  photoemission  as  an  indicator.  Appropriate  hard¬ 
ware  introduced  gases  from  fuels,  explosives,  drugs,  etc.  to  a  bacterial 
solution  and  then  sensed  the  change  in  photoemission  and  indicated  the 
presence  or  absence  of  a  particular  stimulus.  Different  strains  were  sensi¬ 
tive  to  different  gases  in  the  p.p.m.  range,  (Kent,  197*0.  Although  bacteria 
have  inherent  problems  for  development,  in  use  they  have  the  advantages  of 
being  small,  inexpensive,  fast,  and  easily  expendable. 
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A . 3 • 2  I  nsecta 


The  problems  and  advantages  associated  with  the  use  of  insect  chemo- 
reception  are  similar  to  those  associated  with  the  use  of  bacteria.  Advantages 
include  speed  of  operation,  expendab i 1 i ty ,  small  size,  low  expense,  and  extreme 
sensitivity.  The  problems  are  to  find  organisms  sensitive  to  the  stimulus  one 
desires  to  detect  (e.g.,  explosives  or  drugs)  and  then  to  obtain  observable  res¬ 
ponses.  The  problem  of  finding  organisms  sensitive  to  a  specific  stimulus  may  be 
overcome  by  selective  breeding,  (Wright,  1976).  Insects  have  tremendous  genetic 
variability  within  natural  populations  from  which  appropriate  individuals  can 
be  selected  and  bred,  (Kikuchi,  1973).  This  natural  genetic  variability  can 
be  supplemented  by  the  use  of  mutagens  (e.g.,  U V.  light,  X-rays  or  chemicals) 
to  further  facilitate  obtaining  appropriate  genetic  types.  Furthermore, 
another  method  called  larval  conditioning  can  add  environmentally  determined 
preferences  to  the  genet i ca 1 1 y  determined  preference  to  produce  even  more 
sensitive  individuals.  The  second  problem,  i.e.,  the  observability  of  the 
response,  may  not  be  severe  because  insects  often  respond  with  predictable, 
easily  observed,  fixed  and  stereotyped  behavior  to  the  presenceof  a  stimulus. 

Insects  utilize  a  variety  of  chemical  receptors  including  sensory 
hairs,  pits  and  antennae  which  can  be  located  all  over  the  body.  Some  of 
these  rec.  otors  are  highly  specific  and  others  are  general i zed  wl  th  responses 
cccuring  to  a  wide  variety  of  compounds  including  carbon  dioxide,  water,  sugars 
and  amino  acids,  etc.  All  three  aforementioned  types  of  chemorecept ion  are 
present  as  well  as  unique  types  that  defy  simple  classification.  Gustation 
in  .nsects  includes  sensitivity  to  the  four  "tastes"  to  which  humans  respond 
(i.e.,  sweet,  sour,  bitter,  salt)  and  also  specific  receptors  for  ketones, 
aldehydes,  alcohols,  organic  salts  and  glycols,  etc.  Olfaction  is  also 
highly  developed  in  insects  and  responses  are  predictably  most  sensitive 
and  specific  to  compounds  that  have  some  biological  relevance  to  the  species 
in  question.  For  example,  it  is  important  for  bees  to  detect  changes  in 
the  concentration  of  CO^  and  moisture  in  the  hive.  Thus  they  have  developed 
these  exceptional  abilities  (see  Table  A. 3).  Similarly,  blowflies  are 
sensitive  to  carrion  odors  by  which  they  find  food  and  reproductive  sites, 
(Deither,  1962  and  Col  lias,  I98O).  Another  example  is  the  "green  smell"  of 
plants  ( t rans- 2-hexana 1 )  which  is  attractive  to  several  species  of  insects 
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in  extremely  low  concentrations,  (Gesteland,  1970-  A  final  example  of  sensi¬ 
tivity  to  biologically  relevant  compounds  is  the  mosquito's  sensitivity  to 
CO^  and  lactic  acid  with  which  it  can  smell  a  mammal  within  15  feet,  (Kaissling, 
1971). 

Insects  are  physiologically  hardy  and  neurologi cal ly  simple  and  there¬ 
fore  pieces  of  their  bodies  can  be  isolated  and  possibly  used  for  chemorecept ion. 
For  example  a  bee  abdomen  severed  at  the  node  will  respond  with  characteristic 
movements  to  qualitatively  and  quantitatively  different  stimuli  applied  at 
the  node.  This  "signature"  can  be  quite  sensitive  and  specific,  (Pence  and 
Lomax,  1973).  Certain  drug  administrations  can  be  detected  in  the  near  part 
per  billion  range.  The  bee  abdomen  test  system  also  has  been  utilized  for 
detecting  specific  pollutants,  analyzing  soils  and  certifying  water  purity. 

The  most  outstanding  examples  of  insect  olfaction  are  to  be  found  in 
responses  to  pheromones.  Pheromones  are  substances  secreted  by  one  animal 
that  effect  the  behavior  of  conspecif i cs.  The  behavioral  effects  of  pheromones 
can  be  immediate  or  may  serve  a  "priming"  function  for  some  later  behavior. 
Typically  pheromones  are  used  for  aggregating  insects,  attracting  sex  partners, 
signaling  alarm,  inducing  physiological  changes,  orientation  and  other  types 
of  communication,  (Von  Frisch,  195*0.  Pheoromones,  especially  sex  attrac- 
tant  pheromones,  are  characterized  by  extreme  potency  and  specificity.  A 
few  molecules  of  the  sex  attractant  pheromone  bombykol  will  elicit  a  response 
from  a  male  silkworm  moth,  (Kaissling,  1971).  Pheromones  are  also  character¬ 
ized  by  intermediate  molecular  weights  which  allow  enough  complexity  to  be 
highly  specific  yet  also  enough  volatility  tu  dissipate  and  lose  effective¬ 
ness  in  a  short  period  (usually  minutes).  This  type  of  chemical  communication 
is  surprisingly  common  in  insects,  nine  orders  of  insects  have  been  shown 
to  utilize  pheromones  thus  far.  These  include  the  major  orders;  Lepidoptera 
(moths  and  butterflies),  Orthoptera  (grasshoppers,  cockroaches  and  crickets), 
Coleoptera  (beetles),  Hymenoptera  (bees,  ants  and  wasps),  and  Isoptera 
(term! tes) . 

The  structures  of  some  pheromones  have  been  determined  and  thus 
synthetic  production  of  such  compounds  is  possible.  Use  of  pheromones  for 
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pest  insect  control  is  thus  becoming  increasingly  widespread.  Grain  weevi Is, 
cucumber  beetles,  bark  beetles,  the  black  carpet  beetle,  the  sugar  beet 
wi reworm,  the  cabbage  loper  moth,  the  pink  bollworm  moth,  bees  and  some 
cockroaches  are  among  insect  pests  now  controlled  by  pheromonal  systems. 

In  conclusion,  application  of  insect  chemorecept ion  requires  the  solu- 
tion  of  some  problems  but  has  significant  advantages  if  such  proDlems  are 
overcome.  Olfaction  is  the  best  chemorecept i ve  sense  insects  possess, 
responses  being  best  for  biologically  relevant  stimuli.  Finally,  sex 
attractant  pheromones  are  among  the  most  powerful  and  specific  chemical 
stimuli  known,  and  thus  may  be  useful  without  modification. 

A. 3*3  Marine  Animals 

The  octopus  possesses  contact  chemoreceptors  in  the  rims  of  its  suckers 
which  are  100  times  as  sensitive  as  the  human  tongue  to  sweet,  sour,  and  bitter 
stimuli,  (Collias,  1 980  and  Wells,  1978).  Squids  have  similar  thresholds. 

One  other  mollusk  is  the  gastropod  genus  Nassarius  the  members  of  which  are 
extremely  sensitive  to  food  related  compounds,  (Grant  and  Mackie,  197*0. 

Sharks  and  rays  (the  E 1 asmobranch i i )  have  developed  chemorecept ion 
systems  of  excellent  sensitivity  and  directionality.  Directionality  is 
achieved  via  two  methods;  either  by  successive  olfactory  sampling  in  a  search 
pattern  to  determine  the  direction  of  an  odor  gradient,  or  by  simply  swim¬ 
ming  into  the  current  when  odors  are  perceived,  (Mathewson  and  Hodgson,  1972). 
Effective  stimuli  are  species  variable  but  are  usually  food  related  and  have 
strong  effects  on  feeding  behavior.  The  common  chemical  sense  is  well 
developed  in  sharks  and  functions  mainly  to  alert  the  shark  to  harmful  chemicals 
in  the  water,  (Gilbert,  1967).  Examples  of  such  irritating  stimuli  include 
decaying  shark  flesh,  quinine,  secretions  from  the  sea  slug  Aplysia ,  extracts 
of  the  Curviers  gland  of  Holothurians  (i.c.,  sea  cucumbers),  secretions  from 
the  flat  fish  Pavdachus  mavmoratus ,  phenol,  allyl  isothiocyanate,  n i t rostyrene , 
bromide  and  phenacyl  chloride,  (Hodgson  and  Mathewson,  1978).  Gustation  is 
less  pronounced  and  is  utilized  mainly  to  evaluate  the  acceptability  of  food 
but  may  be  totally  disregarded  in  the  situation  of  a  feeding  frenzy.  Olfac¬ 
tion  is  the  remarkable  chemorecept i ve  mode  in  sharks  and  rays  and  is  responsible 
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for  long  range  detection  of  food.  Sharks  are  sensitive  to  many  odorants  in 
the  p.p.m.  range,  (Gruber  and  Myrberg,  1977),  but  food-related  stimuli  are 
much  more  effective  as  exemplified  by  hammerheads  turning  their  heads  in  the 
direction  of  a  10  p.p.m.  grouse  fish  extract  stimulus,  (Tester,  1 963 ) •  An 
indicator  of  this  olfactory  sensitivity  is  that  sharks  are  capable  of  smell¬ 
ing  the  difference  between  calm  and  distressed  fish  by  detecting  minute 
unique  odorants  produced  by  alarmed  fish. 

Some  fish  have  impressive  olfactory  abilities  as  shown  in  Table  A. 3 
for  the  minnow  Phoxinus ,  (Grant  and  Mackie,  197*0.  Obviously,  this  fish, 
via  olfaction,  is  vastly  superior  to  man  in  man's  four  basic  gustatory  capa¬ 
bilities.  Blinded  minnows  have  been  shown  to  discriminate  between  certain 

-k 

alcohols  at  levels  of  about  5  X  10  p.p.m.,  (Grant  and  Mackie,  197*0.  Be¬ 

cause  of  this  alcohol  sensitivity  minnows  have  been  used  as  bioindicators  of 
lake  pollution  via  responses  to  the  pollution  indicator  phenol,  (Collias, 

1980).  Ostariophysian  fish  produce  alarm  substances  in  minute  quantities 
which  are  released  when  the  skin  is  damaged  sending  conspecifics  into  a 
"panic".  Other  olfactory  functions  in  fishes  include  feeding,  recognition 
of  young,  parental  care,  species  and  sex  recognition  and  homing,  Salmon  are 
premier  examples  of  the  last  category.  By  virtue  of  irreversable  chemical 
imprinting  on  homestream  odors  during  a  critical  period  during  early  life 
mature  fish  return  years  later  to  the  same  stream  to  spawn,  (Wisby  and  Hasler, 
195**).  Salmon  of  the  genus  Salma  have  been  imprinted  on  morpholene  (a  non¬ 
natural  synthetic  compound)  in  dilutions  of  1  part  per  billion  then  released, 
and  after  their  maturation  were  induced  to  return  up  any  stream  into  which 
morpholene  was  introduced.  Salmon  also  show  observable  alarm  responses  to 
predator  odors  such  as  man,  dog,  bear,  seal  and  sea  lion. 

A  final  example  of  a  potentially  useful  marine  organism  with  impres¬ 
sive  chemorecept i ve  capabilities  is  the  eel.  Certain  species  can  detect  par- 

1 8 

ticular  compounds  in  concentrations  as  low  as  1  part  in  2.86  X  10  parts 
water,  and  can  even  discriminate  between  such  compounds  at  similarly  low 
concentrations,  (McCartney,  1968).  These  unparalleled  capabilities  are  limited 
by  individual  and  seasonal  differences,  restricted  to  a  few  odcrs,  and  are 
related  to  homing  functions. 
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A. 3- A  Birds  (Avee) 


Birds  are  generally  poor  at  chemorecept ion .  Weight  loss  as  an  adapta¬ 
tion  for  flight,  and  the  scarcity  of  heavy  odorous  molecules  far  above  the 
ground  dictated  the  adaptive  loss  of  good  chemorecept ion.  However,  recently 
it  has  been  discovered  that  exceptions  exist. 

On  the  basis  of  anatomical  evidence  the  best  bird  candidate  for 
olfactory  abilities  discovered  thus  far  is  the  Northern  Fulmar,  an  ocean  going 
procel lariform  bird,  (Wenzel,  in  press).  In  fact,  most  procel lari  forms 
possess  good  olfaction  utilized  in  homing,  (Grubb,  1979)  and  feeding,  (Hutchison 
and  Wenzel,  1979).  These  birds  are  easily  attracted  from  distances  of  over 
20  miles,  to  oily  stimuli  spread  on  the  open  ocean,  (Wenzel,  in  press). 

Other  chemically  capable  birds  are  the  Trinidad  oil  bird,  grebes,  the 
African  honeyguides  and  the  turkey  vulture  which  has  been  used  to  locate 
leaks  in  gas  lines  by  its  olfactory  sensitivity  to  ethyl  mercaptan. 

Even  pigeons  whose  olfactory  anatomy  is  relatively  poor  with  respect 
to  other  birds  are  apparently  responsive  to  chemical  stimuli  with  sensitivity 
such  that  orientation  toward  the  home  loft  is  profoundly  distrubed  by  olfactory 
occlusion,  (Papi,  et.al.,1978  a  and  b  and  Waldvogel,  et.al.,  1970). 

Olfactory  thresholds  for  all  birds  have  been  little  researched  but 
will  probably  be  found  to  be  lower  than  man's  but  much  greater  than  macros- 
matic  (sensitive)  animals.  Thus  olfactory  sensitivity  per  se  is  not  the  useful 
capability,  but  rather  its  combination  with  the  ability  of  flight. 

A. 3. 5  Mamma  1 s  ( Mammalia ) 

The  olfactory  apparatus  is  well  developed  in  rodents  and  phy logent ical ly 
higher  mammals  except  bats  and  primates.  Thresholds  to  biologically  relevant 
stimuli  are  generally  in  the  p.p.m.  range  or  better  and  often  responses  are 
directional.  Many  mammals  with  excellent  chemorecept ion  are  not  practicable 
in  a  system  context  due  to  large  size,  training  and  handling  problems, 
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inconsistency  of  responses  and  other  reasons,  (Southwest  Research  Institute, 

197*0-  The  most  outstanding  mammalian  examples  remaining  after  such  an 
elimination  are  dogs  and  pigs. 

Domestic  pigs  for  example  the  red  duroc,  have  phenomenal  olfaction. 

Pigs  are  employed  to  root  up  truffles  (a  French  fungus  delicacy)  buried  up 
to  a  food  underground,  (Britt,  1978).  Pigs  are  typically  large,  but  for 
system  appl  i  cat  ion  min  iature  breeds  of  pigs  are  available  that  weigh  about 
200  lbs.  These  and  other  pigs  are  quite  intelligent  (similar  to  a  dog)  and 
easily  trained  although  they  are  sometimes  reluctant  to  perform.  Pigs  have 
been  shown  capable  of  detecting  several  explosive  odors  even  when  the  explosive 
is  buried  12  inchps  underground,  ($.  R.  I.,  197**). 

Dogs  are  intelligent,  responsive  to  man,  easily  motivated  and  versa¬ 
tile,  and  therefore  can  be  trained  to  perform  a  variety  of  functions,  including 
several  chemorecept  i  ve  functions,  (Berryman,  197**  and  Lubow,  1968).  Canine 
chemoreception  is  generally  excellent  for  a  wide  variety  of  stimuli  although 
dogs  are  apparently  not  as  sensitive  as  pigs,  (S.  R.  I.,  197**)-  An  example 
of  canine  sensitivity  is  an  absolute  threshold  of  about  20  parts  per  billion 
for  ethylene  glycol  dinitrate  (a  common  explosive  odorant).  This  threshold 
level  is  comparable  wi ch  electronic  sniffers,  however  the  dog  has  the  advan¬ 
tage  of  being  able  to  respond  to  complex  combinations  of  odors  such  as  the 
scent  of  an  individual  human. 

The  olfactory  abilities  of  dogs  have  been  utilized  for  tracking 
moving  objects  and  detecting  special  marker  scents  and  natural  odors  from 
squalene,  tobacco,  drugs,  explosives  and  human  corpses,  (Lubow,  1968). 

Particular  breeds  are  better  than  others  at  such  tasks;  several  relatively 
good  breeds  are  listed  in  Table  A. 3  (Lubow,  1968  and  McCartney,  1968).  Other 
factors  also  effect  olfactory  thresholds.  Such  factors  as  age  of  stimulus 
and  degree  of  concealment,  odor  preferences  inherent  in  canines  and  ambient 
conditions  at  the  detection  site  all  effect  the  absolute  threshold  of  sensitivity. 
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One  way  to  enhance  a  dog's  olfactory  ability  is  to  administer  minute  doses 
of  the  stimulus  compound  orally  before  the  olfactory  stimulation,  (Moulton, 
1974). 

A. 3-6  Other  Chemoreceptive  Capabilities 

Listed  below  are  animal  groups  with  less  potential  of  systems  appli¬ 
cations.  Lower  invertebrates  including  bacteria,  protists  and  flatworms 
have  been  shown  to  respond  to  a  variety  of  chemical  stimuli,  (Col  lias,  1980). 
Marine  invertebrates,  for  example,  coelenterates  (Grant  and  Mackie,  1974  and 
Gesteland,  1971),  starfish  and  clams  (Droscher,  1969)  utilize  sensitive 
chemoreception  to  detect  prey,  avoid  predators,  locate  sites  for  settlement 
and  find  mates.  Marine  arthropods,  i.e.,  crabs  and  lobsters  utilize  similar 
sensitivities  for  the  same  basic  functions.  Reptiles  and  amphibians  have 
generally  poor  chemoreception  with  the  exception  of  snapping  and  green  turtles 
which  have  been  little  studied,  but  behavioral  observations  indicate  a  good 
sense  of  olfaction.  Finally,  humans  although  poor  chemoreceptors  have  been 
included  in  Table  A.3for  comparison. 
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Table  A. 3  Parameters  of  Chemorecept  i.ve  Capabilities  ip  Selected  Animal  Groups 


GROUP 

STIMULUS 

.  . 

THRESHOLD 

SENSITIVITY 

RELATIVE 

SENSITIVITY 

SPECIFICITY 

— 

DIRECTIONALITY 

TYPE  OF 
CHEMORECEPTOR 

Bacter  5  a 

many  compounds 
possible  esp. 
if  select  for 
sens i t i v i ty 
e.g.  propyl - 
glycol  di¬ 
nitrate  (rock< 

usual ly  good 

1  p.p.m  © 

:  t  fuel; 

1  ow 

common  chemi¬ 
cal  sense 
photoemmi s-  • 
si  on 

i nd i cator 

Paramec  i  urn 

© 

NaCl 

NaOH  and 
other  chemica i $ 
(esp.  acids) 

.  Ic 
.05V, 

low,  but  can 
d  i  st i ngu i sh 
bacterial 
types 

yes,  concen¬ 
trate  in  weak 
ac  i  ds 

common  chemi¬ 
cal  sense  in 
oral  groove 

F latworms 
e.g.  PJUma- 
ria  © 

-food  odors  - 
A.acide  glu¬ 
tamine  t  Ly¬ 
sine  -  harm¬ 
ful  chemicals 

5  x  io'6m 

low 

yes,  chemotaxis 
to  A. acids 

common  chemi¬ 
cal  sense  in 
aurac 1 es 

Coelen- 

terata 

Food  -  A. acids 
CO2  -  Amines 
&  d i pept i des 

low 

yes  to  both 
pos i t i ve  and 
harmful 
stimuli 

crude  contact 

chemorecep- 

tors 

1  nsect  (\]j 
general  (RJ 

e.g.  silk¬ 
worm  with 
Bornbyx  mor  i 

© 

Pheromones  ie. 
sex  attractant 
molecules 

extremely  low 
thresholds- 
bes  t  of  all 
an ima 1 s 

also  very 
good 

essent ia 1 ly 
complete 
spec i f i c i  ty 

highly 
di rec t i ona 1 

multiple 
spec  ia  I  i  .ted 

0! factory 
receptors 

sex  pheromone 
of  f ema 1 e 

" 

males  responds 
to  a  few 
molecules 

excel  lent 

complete 
(essent  ral¬ 
ly) 

excel  lent 

spec i a  1 i zed 
antenna ! 
receptors 

Bees 

©  @ 

— —  ■ 

several 
pheromones  v-7 
di  f  ferer.t 
functions  & 
character i s- 
t ics  like  gen¬ 
eral  phero¬ 
mones  above, 
e.g.  ISO  amy 1 
acetate  the 
alarm  phero¬ 
mone 

high 

good 

antenna  1 

0! factory 
receptors 

C°2 

.oy.K 

essent  ia  1  ly 
complete 

spec iai i zed 
antennal 

H^O 

0.0-2  .V, 

essent  ial  1  y 
complete 

spec i a  1 i zed 
antennal 
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Table  A. 3  cont i nued 


STIMULUS 


THRESHOLD 

SENSITIVITY 


SPECIFICITY  DIRECTIONALITY  C 


Bees  Uont)  Pharmacol og i -  ^  6XI0~®M  for 

cal  compounds  '  . 

y  several  com- 

I  pounds 


Ants  @ 


Blow  fly 

©© 

© 


Kosqu i to 


Beet les 
and 


Propionic  acid  4.3X10* 

Butyric  acid  1 . 1  X 1 0 * 

Methyl  anth-  1-9X10^ 

rani  late 

Alpha  iodine  1-5X10* 

Phenyl  propyl  2.2X10"" 
alcohol 


Eugenol 


sugars  1/10  man 's 

sucrose  sensitivity 

nectar  sugars  better  than 


Pheromones 


carrion,  mer-  . 0018H 
captors , 
amines,  hexan- 
ol,  etc.  e.g. 
sugar 


Pheromones 

C!S-7-dode-  . 

.  low 

ceny I  acetate 


Termites  Terpinolene 


Starfish  smell  of  clam  4in  buried  in 

sand 


isolated 
abdomen  con¬ 
tact  chemo- 
receptors 


ol factory 
antenna  I 
receptors 


cont  ac  t 
chemorecep- 


antenna I 


spec i a  I i zed 
ant  enna 1 


leu  contact 
chemorecep- 


spec i a  1 i zed 
receptors 


spec i a  I i zed 
o!  factory 
antenna  1 


tube  feet 

chemorecep- 

tors 
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Table  A. 3  continued 


GROUP 

. . . . 

STIMULUS 

THRESHOLD 

SENSITIVITY 

RELATIVE 

SENSITIVITY 

— 

SPECIFICITY 

DIRECTIONALITY 

TYPE  OF 
CHEM0RECEPT0P 

Mol  luscs  (f$) 

Snail 

Nassarius 

Human  Blood 
plasma 

Oyster  homo¬ 
genate 

(glycoproteins) 

2  X  10’9m 

2  X  10_,°M 

Low 

Yes 

Bivalves 

Pectin&Lima 

Starfish  odor 

SI  ightest 
touch  by  star¬ 
fish 

Low 

Contact 

chemore- 

ceptors 

Octopus  © 

Sucrose 

Hcl 

quinine 

All  100  times 
better  than 
gustation  in 
man 

Moderate 

Contact 
Chemore- 
ceptors 
in  suckers 

Sharks , 
Skates  and 
Rays 

0© 

Phenacyl  chlo¬ 
ride,  a  visual 
i rr i tant 

.005  Ppm. 
effective 

Highly 

0 1  fact  ion 

Aplysia, 

other 

~  i  rr i tants 

Good 

Gustation 

cuviers  gland 
of  sea  cucum-^ 
ber,  6  flat 
fish  secretion* 

L-serine 
(human  sweat) 

1  ppm. 

Good 

Yes 

Common  chem. 

sense 

Fish  Extracts 
14 

— 1 0‘4  ppm. 

Good 

Poor 

Yes 

Olfaction 

Many  compounds, 
especial ly 
food- re  la ted 

1  ppm.  range 

High 

Olfaction 

FI  shes 

Salmon 

Morphol ine 

1  ppm.  billion 

Good 

Very  high- 
also  to  odor 
combinations 

Excel  lent 

Olfactory 

Mi  nnows  6§) 
*© 

Eugenol 

1  pt.  in 

1.7  X  107 

Olfactory 

Phenyl ethyl 
alcohol 

1  pt.  in 

2.3  X  107 

Olfactory 

/  Raffinose 

1  Sucrose 

1  Lactose 

Sweet  <  Glucose 

/Galactose 

1  Fructose 

1/250,000 
Moles/1 i ter 
1/82,000  M 
(900  X  Man) 
1/2,560  M 
(160  X  Man) 
1/20,000  M 
(1575  X  Man) 
1/5,000  M 
(>500  X  Man) 
1/60,000  M 
(2,500  X  Man) 

Table  A. 3  continued 


STIMULUS 


THRESHOLD 

SENSITIVITY 


RELATIVE 

SENSITIVITY 


SPECIFICITY  DIRECTIONALITY 


TYPE  OF 
CHEMORECEPTO 


SArabinose  1/15, OOOM 

(1,100  X  Man) 
Saccharin  1/1.5  X  106  M 
(164  X  Man) 

Bi tter-qul nine  1/2.4  X107m 
e  (24  X  Man) 
1/20,000  M 
(205  X  Man) 
Sour-Acetic  1/205,000  M 
acid  (164  X  Man) 


B-pheny 1  ethyl 
a  1  coho 1 


Ci tral ,  eugenol 
i on i ne , 
methanol , 


Food  Odors  and 
also  migra- 
torial  cues 


1  pt.  in 
3  X  1 0*°f 
H20 


Very  Low 


Low  but 
unknown 


Birds  (2j 
p i geon 
( I tal ian 
best) 


Amyl  acetate 
Methyl  metha¬ 
crylate 
Salicylate 
Octonol 
Pyridine 
Trimethyl 
pentane 


Oily  substances 
e.g.  fish  ex¬ 
tracts  &  musk 
gland  oi 1 s 


Lowest  is 
~ 10" 8 to  10-10 
moles/ml . 


Low  thres¬ 
holds,  atr  act¬ 
ed  to  bacon 
fat  from  >20 
mi  les 


Low (buried 
worms) 


Oilbird  Spicy  &  aroma-  Apparently 
tic  smells  man- like 


High  speci 
tivity  at 
low  thres¬ 
holds 


Olfactory 


Probably  Olfactory 

excellent  but 
untested 


Probably  Good  Olfactory 


Excellent  Olfactory 


Locally  good  Olfactory 


Olfactory 


sed  on  anatomy (Should  be  highly  sensiti 


oney guide  Honey  6  wax  Low  (be¬ 

havioral  in¬ 
fluence) 


Olfactory 


01  factory 
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Table  A.  3  cont i nued 


GROUP 

STIMULUS 

THRESHOLD 

sen:<tivity 

RELATIVE 

SENSITIVITY 

SPECIFICITY 

DIRECTIONALITY 

TYPE  OF 
CHEMORLCEPTOR 

Turkey 

vulture 

Ethyl  mercap¬ 
tan 

Low 

Responds  to 
a  group  of 
odors  from 
carrion 

Good 

01  factory 

Mamma  1  s - >• 

general — > 

Sensitive  to 
biologically 
relevant  com¬ 
pounds 

Many  sensiti¬ 
vities  in  the 
ppm  range 

Often  highly 
directional 

Olfactory  & 
gustatory 

Fox 

Seagull  eggs 
or  seagull 
chicks 

4"  deep-9' 
detection 
eggs  2"  deep 
w/in  20" 

High 

Local  ly 

Olfactory 

Pig  (Red 
duroc) 

Truffles  & 
buried  objects 

Extremely  low 

Hi  gh 

Local  ly 

.  _ 

Olfactory 

Deer, 

ferret  ^»0) 
Pig,  Jave- 
1  ina  (£2) 
Cyote,  cat, 
fox,  racoon, 
skunk,  civet 
coatamundi 

Explosive  odors 
e.g.  C-4,  Comp 
B,  TNT,  Tetryl, 
PETN  &  ROX 

Pig-12"  depth 
detection. 
Fox,  cyote, 
ferret,  skunk 
coatamundi , 
javelina  6 
racoon -6^ 
depth 

Dogs  maximum 
6"  for  best 

breeds 

-  -  — - 

High  to 
moderate 

V 

01  fac 

\ 

:tory 

/ 

Dogs  (|g)  (£) 

Ethel  glycol 
dinitrate 

20  pp  bi 1 1  ion 

Good 

Good 

Local ly 

Olfactory 

1 so-amy 1 
alcohol 

1/10? 

(di lution 
ratio) 

Pentyl  Acetate 

1  molecule/10  ^ 
molecules 

Best  breeds 

Benzaldehvde 

1/1 0^ 

are 

Rhodesian 

Hexch loro- 
ethane 

1/10? 

Ridgeback 
Wimeraner 
mi  x. 

Rabb i t  hound 
mix.  Beagle 
mix.  Basen j i 
Shetland 

Butyl  mercaptan 

1/10" 

Alpha  ionine 
© 

4.5  X  105 
molecules/m^ 
(5000-1 0000 K 
Man) 

\ 

/ 

Sheepdog 

Al sat ians 
© 

Many  other 
odors  e.g., 
coffee,  tobac¬ 
co,  drugs, 
humans 

Low  thres¬ 
hold  often 

1  ppm 

High  speci- 
tivity 

Excel  lent 

01  factory 
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Table  A* 3  continued 


GROUP 

Humans 


- 

STIMULUS 

THRESHOLD 

SENSITIVITY 

RELATIVE 

SENSITIVITY 

SPECIFICITY 

DIRECTIONALITY 

TYPE  OF 
CHEM0RECEPT0R 

Propionic  acid 

mnrwmMm 

Poor 

somet 

Moderi 

01  fac 

tory 

Butyric  acid 

7  X  109 
molecules/cm3 

Poo 

r 

Poor 

mes 

site 

Methyl  aniihra- 
nylate 

nggmmm 

Alpha  lonine 

108-109 

molecules/cm^ 

Phenyl  propyl 
alcohol 

6.5  X  103 
molecules/cm3 

Eugenol 

8.5  X  10n 
molecu1es/cm3 

■ 

_ 

Musk 

5  X  10*5ppm. 

■ 

| 

■ 

]| 

N 

1 

■ 

Bjg| 

Sweet-sucrose 

.  1-.02 

20% 

59  100% 

None 

Gustation 

saccharin 

molecules/li  ter 
3  X  10-1*  M 

change  in 
concent ra- 

Several 

thousand 

Sour-  HC1 

10~3-10'1*  M 

tion 

di scernable 

Bi tter-Qui nine 

10'6-10‘^ 

sulfate 

molesules/1 i te 

Sal t-NaCl 


03  to  01  H 


AUDITORY  CAPABILITIES  IN  SELECTED  ANIMAL  GROUPS 


A.  A 

Audition  and  the  lateral  line  facilitate  the  perception  of  sound. 

Sound  here  Is  defined  generally  as  pressure  waves  transmitted  through  a  given 
medium  with  a  characteristic  velocity.  Sound  travels  at  approximately 
350m/sec  In  air  and  about  four  times  as  fast  In  water.  The  body  of  an  animal 
Is  essentially  liquid  and  therefore  audition  of  airborne  sound  required  the 
evolution  of  various  mechanisms  for  impedance  matching  between  air  and  water. 
Audition  under  water  is  impedance  matched,  but  only  a  few  organisms  with 
special  adaptations  have  achieved  frequency  and  intensity  ranges  comparable 
to  those  of  terrestrial  species. 

Closely  related  to  audition  is  lateral  line  sensitivity.  This  is  the 
perception  of  low  frequency  vibrations  in  water  within  the  nearfield  (approxi¬ 
mately  300m  maximum).  This  sensitivity  ranges  from  a  few  to  a  few  hundred 
Hz ,  and  is  mediated  by  the  lateral  line  organs. 

There  exists  a  gradient  of  anatomical  structures  for  audition  and  a 
corresponding  gradient  of  auditory  functions.  Distinctions  between  audition, 
lateral  line  perception,  substrate  vibration  sensitivity,  and  tactile  sensi¬ 
tivity  are  often  vague  but,  for  simplicity,  will  be  reviewed  in  terms  of  human 
perception.  Thus,  tactile  sensitivity  and  echolocat ion,  though  intimately 
related  to  audition,  will  be  reviewed  in  other  sections. 

The  auditory  capabilities  of  humans  will  be  briefly  reviewed  for 

comparative  purposes.  The  frequency  range  audible  to  man  is  from  20  Hz  to 

20  KHz,  but  actually  few  humans  hear  the  very  high  frequencies.  Man  is 

typically  limited  to  16  KHz.  Amplitude  or  intensity  of  sound  can  be  measured 

in  decibels  (dB)  and  is  called  sound  pressure  level.  The  dB  is  a  relative 

measure,  i.e.,  it  measures  the  difference  between  two  levels  of  sound,  and 

thus,  any  dB  measurement  must  be  accompanied  by  a  reference  level  or  it  is 

meaningless.  The  dB  is  referenced  internationally  as  a  sound  energy  level  of 
2 

.0002  dynes/cm  in  air.  This  standard  will  be  used  throughout  this  review  unless 
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otherwise  noced.  With  this  standard,  men  can  hear  sounds  with  an  intensity 
range  of  0  to  1 40  dB.  The  corresponding  range  of  acoustic  energy  in  sound 
varies  ?  or  8  orders  of  magnitude,  a  20  dB  change  corresponds  to  about  ten 
times  the  acoustic  energy.  The  lowest  thresholds  for  human  hearing  occur 
between  1  and  4  KHz.  Displacement  of  the  eardrum  at  these  tnresholds  is 
only  a  few  angstroms,  (1A  »  l  x  10  cm).  Maximal  sensitivity  to  a  change  in 
frequency  is  0.3$  and  to  a  change  of  intensity  is  .5  dB.  Man  has  excellent 
audition  by  the  standards  of  the  animal  kingdom,  but  many  animals  have 
surpassed  our  frequency  range  into  what  we  subjectively  call  the  infrasonic 
(frequencies  below  human  perception)  and  ultrasonic  (above  human  perception). 
Table  A. 4  summarizes  data  on  parameters  of  audition  in  selected  animal  groups 
Several  of  these  groups  which  show  potential  usefulness  are  reviewed  separately 
below. 

A. 4.1  Birds  (Aves) 

Birds  generally  have  good  audition.  Absolute  threshold  sound  pressure 
levels  are  similar  to  man  in  the  more  sensitive  birds.  However,  the  frequency 
range  of  audible  stimuli  is  usually  more  limited  than  in  man  and  typically 
extends  from  0.05  KHz.  to  15  KHz.  Pitch  discrimination  is  also  close  to  man  in 
birds  with  good  hearing  (e.y.,  songbirds  and  parrots)  and  due  to  altered 
avian  cochlear  physiology,  temporal  discrimination  is  often  far  better.  There 
is  also  a  general  trend  of  decreasing  size  paralleling  increasing  sensitivity 
and  frequency  range,  for  example,  small  songbirds  generally  hear  soft,  high 
pitched  sounds  better  than  larger  birds. 

Pigeons  are  only  capable  of  distinguishing  a  5-6$  change  in  frequency, 
which  is  poor  frequency  discrimination  with  respect  to  humans,  other  birds, 
and  even  fish  (Schwartzkopf f ,  1955).  However,  homing  pigeons  are  sensitive 
in  the  infrasonic  frequency  range  and  have  been  proposed  to  utilize  such 
sounds  in  homing.  (Natural  infrasonic  stimuli  include  ocean  breakers  and  wind 
blowing  over  mountain  passes  at  great  distances.)  The  upper  frequency  limit 
in  pigeons  is  only  about  12  KHz,  and  absolute  sensitivity  is  best  from 
1500-2000  Hz,  corresponding  to  the  mooal  center  of  the  pigeons'  voice  frequency. 
Temporal  resolution,  as  in  many  birds,  is  quite  good. 
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Owls  possess  exceptional  auditory  capabilities  which  were  apparently 
evolved  as  an  adaptation  to  a  life  of  nocturnal  hunting.  The  frequency  range 
of  sensitivity  is  similar  to  an  acute  human,  but  absolute  thresholds  for 
frequencies  above  10  KHz  are  extremely  low.  Barn  owls,  e.g.,  Tyto  Alba 
(Welty,  1975),  can  locate  prey  In  complete  darkness  with  a  deviation  of  only 
1°  by  utilizing  extremely  sensitive  and  accurate  three-dimensional  localization 
of  the  low  intensity,  high  frequency  sounds  the  prey  prouure.  Such  localization 
is  facilitated  by  several  adaptations,  including:  facial  disks  of  feathers 
directing  sound  toward  the  ears,  silent  flight  achieved  by  altered  feather 
structure,  asymmetric  ears  which  provide  less  ambiguity  in  localization,  and 
a  wide  head  increasing  temporal  differences  between  the  ears.  These  adapatations 
allow  the  comparison  of  loudness,  timing  and  phase  of  auditory  stimuli  necessary 
for  accurate  localization. 

A.1*. 2  Mammals  (Euthcria) 

The  mammalian  ear  differs  from  other  vertebrates  in  several  significant 
respects.  An  external  ear  or  pinna  is  present  and  performs  several  functions. 

It  collects  sound,  aids  in  impedance  matching  at  the  air- liquid  interface,  and 
helps  localize  sounds  by  differential  frequency  delays  that  result  as  a 
consequence  of  its  complex  shape.  In  addition,  only  mammals  have  a  three- 
bone  middle  ear  mechanism  which  performs  the  balance  of  the  necessary  impedance 
matching  (Henson,  1975).  Also,  the  mammalian  cochlea  is  long  and  coiled  and 
thus  has  more  sensory  cells  than  many  other  animals.  Generally,  there  is  a 
trend  indicating  that  the  more  recently  evolved  the  vertebrate  organism, 
the  greater  are  its  dynamic  range  and  intensity  discrimination  capabilities 
(Wever,  1975). 

Despite  great  interest  in  mammalian  audition,  little  precise  information 
is  available  and  most  work  has  done  with  a  few  standard  lab  species  and 

primates.  The  frequency  range  of  many  mammals  extends  beyond  human  limits, 
but  threshold  intensities  are  rarely  significantly  better  because  apparently 
many  mammals  have  evolved  near  the  physiological  limits  of  audition. 
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Although  data  arc  not  aval  labia  on  most  species,  by  simple  behavioral  Inferences, 
we  can  assume  that  most  mammals  have  hearing  similar  to  man,  but  often  extending 
into  frequencies  beyond  human  sensitiivty.  The  reference  by  R.  L.  Francis,  1975, 
contains  a  good  systematically  organized  bibliography  on  how  hearing  thresholds 
have  been  determined  in  different  mammalian  groups. 

Rodents  are  sensitive  to  an  extremely  broad  frequency  range.  Some  have 
measured  frequency  ranges  from  0.1  KHz  to  100  KHz.  Absolute  threshold  sensi¬ 
tivity  is  bimodal  at  20  KHz  and  50-70  KHz  and  has  a  value  of  10  to  20  dB  S.P.L. 
(Sales,  1975).  Thus,  rodent  threshold  data  are  slightly  less  sensitive  than 
humans  in  their  optimum  frequency  range  but  compensate  with  a  broadened 
frequency  range.  Temporal  discrimination  of  sounds  is  rapid.  Rapid,  sensitive, 
high  frequency  hearing  is  apparently  useful  to  rodents  whose  lifestyle  is 
visually  limited  since  many  forms  are  nocturnal  and  burrowing.  Some  rodents 
have  even  been  reported  to  utilize  the  echoes  of  their  own"scuff 1 ing"  noises 
to  echo locate  in  darkness. 

The  small  echolocating  bats  (Mi crochi roptera)  are  sensitive  to  an 
even  broader  frequency  range.  Microchi ropterans  can  hear  frequencies  from 
1  KHz  to  150  KHz  with  extremely  fast  recovery  time.  This  quick  recovery 
allows  discrimination  of  up  to  900  sound  pulses/sec.  Absolute  thresholds 
are  about  10-20  dB  S.P.L.  in  the  optimum  frequency  range  which  is  variable, 
e.g.,  for  Plecotus ,  it  is  15"35  KHz  and  for  Myotis,  it  is  from  55  to  65  KHz 
(Novick,  1958  and  Sales,  1975).  Thus,  some  auditory  parallels  are  observable 
in  bats  and  rodents.  More  information  will  be  given  on  Mi crochi ropteran  bats 
in  Section  A. 5. 

Dogs  (Canidae)  have  excellent  hearing.  In  general,  predator-prey 
coevolution  has  resulted  in  many  animal  associations  whose  senses  are  highly 
tuned  to  detect  one  another.  Thus,  domestic  dogs  have  evolved  the  ability  to 
hear  frequencies  over  25  KHz  with  low  thresholds  throughout  their  entire 
frequency  range.  Cats  have  responded  to  similar  evolutionary  pressures  with 
an  even  wider  frequency  range  (Neff,  1975). 


The  final  animal  group  of  significance  with  respect  to  audition  are 
the  toothed  whales  (Cetacea).  Echotocating  cetaceans  have  a  broad  frequency 
range,  typically  from  0.07  KHz  to  150  KHz.  Absolute  threshold  Intensity  is 
good.  For  example,  in  Tureiopa  truncatne,  it  is  60  dB  re:  I u  pa  at  50  KH2 
(Johnson,  1 968) .  Temporal  resolution  is  so  fast  that  porpoises  can  discriminate 
sounds  separated  by  microseconds.  These  abilities  are  related  to  echolocation 
which  will  be  discussed  more  fu’ly  in  Section  A. 5.  However,  passive  audition 
is  apparently  excellent;  a  nonecho  locating  and  blindfolded  dolphin  can 
accurately  locate  and  follow  small  fish  (Diercks  et.al.,  1971)*  Finally,  it 
is  Important  to  note  that  the  baleen  whales  (nonecholocators)  are  capable 
of  producing  and  hearing  extremely  intense  low  frequency  sounds  over  long 
distances. 

A. 4. 3  Other  Auditory  Capabilities 

Listed  below  are  other  animal  auditory  capabilities  that  deserve 
mention  but  have  little  apparent  feasibility  for  system  applications. 

Many  invertebrates  have  a  crude  sensitivity  to  vibration,  but  only 
in  insects  do  discriminative  "ears"  exist.  Insect  frequency  range  can  extend 
from  .001  KHz  to  240  KHz  and  although  threshold  intensity  can  be  as  low  as  OdB  S.P.L., 
higher  thresholds  are  more  common.  Frequency  discrimination  is  apparently 
rare,  having  been  established  only  in  moths  and  crickets.  Auditory  organs 
come  in  a  variety  of  types  and  often  have  evolved  with  calling  and  "chirping." 

The  most  outstanding  examples  of  insect  audition  have  evolved  as  adaptations 
to  avoid  predation  by  the  echolocating  bats  (Adams,  1971;  Payne,  1966;  and 
Roder,  1972). 

The  sharks,  skates,  and  rays  (Elasmobranchi i )  also  have  noteworthy 

audition.  Hear  field  sounds  are  sensed  by  the  lateral  line  system  while 

far  field  sounds  are  sensed  by  otoliths  (ears).  Frequency  sensitivity  ranges 

from  the  infrasonic  to  a  few  thousand  Hz  (Hodgson  and  Mathewson,  1978)  and 

•3  2 

absolute  thresholds  are  10  Jdynes/cm  or  higher  (Henson,  1975).  The 
remarkable  thing  about  shark  audition  is  its  high  degree  of  directionality  and 
the  attract! vensss  of  pulsed  sounds  under  800  Hz  (Nelson,  1963  and  Wisby,  et.al., 
1964). 
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Table  A. 4  Parameters  of  Audition  in  Selected  Animal  Groups 


GROUP 

FREQUENCY  RANGE 

thresholds  and  threshold 

FREQUENCIES 

TEMPORAL 

DISCRIMINATION 

FREQUENCY 

DISCRIMINATION 

mm 

Moth  6  Butterfly 
Group 

1  Hz  -  240  KHz 

0  dB  -  100  dB 
at  variable  freq-.iercies 

Rare  and  Cr-jde 

Noccuid  Moths 

©  <©  © 

20  Hz  -  60  KHz 

40  -  46  dB  (same  range) 

. I  msec  du 1 ses 

None 

Hawk  Moths  ©  © 

30  -  70  KHz 

0.02  -  l  nm  displacement 

None 

Locusts  © 

2  -  100  KHz 

55  dB  at  4-7  KHz 

35  dB  at  12-30  KHz 

400  c! icks/sec 

Rare  and  Crude 

Katydid 

100  Hz  -  120  KHz 

30-40  dB  at  7-60  KHz 

None 

Mosqui to 

150  -  550  Hz 

0  dB  at  380  Hz 

None 

lacewi ngs 

13  -  UO  KHz 

60  dB  at  40-S0  Hz 

1  msec,  and 
resolves  1 50  sec. 

None 

Sharks ,  Skates 

Rays 

©©0 

l  Hz  -  few 
thousand  hr 

.001  dyne/cm2  at  several 
hundred  Hz 

Moderate 

Lateral  Line 

1  Hz  -  200  Hz 

© 

Near  field  «l00m.  only) 
high  thresholds.  Best  from 
25-60  Hz  S  highly 
d i rect ional . 

Poor 

Post  i  b  le  even 
under  10  Hr 

Aud  i  t  i  on 

25  "  less  than 
5KHz 

0.001  dyne/cm2  at  a  few 

Hz. 

Poor 

(via  oehavior) 

Fish  © 
Osteichthyes 

w/out  middle  ear 

■  500  -  !?'.n  Hz 

High  thresholds 

w/tniddle  ear 

. 

e.g.,  minnow 
e.g.,  catfish 

50Hz  -  f  -  r  8  KHz 

32  Hz  -  6  KHz  1 
up  to  IB  KHz  j 

-60  to  -70dB  (re:  Ijx  bar) 

thresholds  \  100  *  man  in 
acoustic  energy 

3.02 

Lateral  Line 

1  -  200  Hz 

Near  field  -  25-50  Hz 

Poor 

Amph  i  b  i  a 

frogs,  newts 
salamanders 

. 

all  types  low 
f req/  i  «e. ,  up  to 
a  few  thousand  Hz 

-20  dB  (Re:  1  dyne/cm2)  at 
*00  &  1200  Hz.  in 

B.  martnus 

f 

f 

f 


Table  A. k  Continued 


- , 

THRESHOLD  INTENSITY 

TEHPORAl 

FREQUENCY 

FREQUENCY  RANGE 

AN0  FREQUENCY 

DISCRIMINATION 

DISCRIMINATION 

I  A  a.»o*'tude  at  300  M i  or 
■3*3  JB  re:  I  dvne/c.A*' 


100  Hi  -  10  KHz  -40  to  -60  oB  i  re :  1  dvne/cnA 

100  Hi  -  10  KHz  -87  JB  Ire:  1  dyne/cm^) 


100  Hz  -  few 

-60  to  -70  JB  ( re :  1  dyne/cm*’ 

thousand  Hz 

at  200-700  Ha 

20Hz  -  7  KHz 


-65  dB  Ire:  l  dyne/cm^) 
from  300-1500  Hi 


-1*  2 
1  X  10  dynes/cm  from 

l  -  4  KHz 


.6  to  2.5  nec. 
i  nterval  al lows 
d i scr imi nat ion 


infrasonic  10Hz  most  sensitive  front  1800 
-fc.  12  Hz  -  2400  Hi 


100  Hz  -  13  KHz  very  low  theshold  w/  good 
local i zat ion  *  10  KHz 


40  -  14000  Hz  -70  dB  (re:  I  dyre/cm*)  at 
1700  6  3500  Hz 


200  Hi  -  19  KHz  Similar  to  man  from  1-4  KHz  good 


Similar  to 


0.3-  -  0. 7* 


-  6.02  'Poor) 


?  -»60  KHz  or  Threshold*  lower  than  humans 
100  KHz  via  over  entire  range 

electrophysiology 


190  Hz  -  100  KHz  bi modal :  10-20  db  Rapid 

at  20  KHz  &  50-70  KHz 


t2  KHz  in  air  32  KHi  under 
water 


1  >  150  KHz 


10-20  dB  at  15-35  KHz  ^ 
Plecotus ;  55*65  KM/  Hyohs 


Rhesus  monkey 


Marmoset 


Human 


70  Hz  -  150  KHz  -60  dB  (ra  \fi  n a)  at  50  KHz  Can  discriminate 

(can  passively  track  fish  by  sounds  separated  by 
thair  swimming  sounds  QS  microseconds 


20  -  20  KHz  ?  Slightly  ^  humans  - 
whole  range 


20  -  20  KHz  ?  I  Like  man  but  lower  at  9  KHz 


20  20  KHz  7  Lika  man  but  lower  at  7  ***  KHz 


20  -  20  KHz  ?  QdB  at  1-4  KHz  (2k10‘5M  bar) 
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ECHOLOCATION  IN  SELECTED  AN  I  HAL  GROUPS 


A. 5 

Echolocation  is  common  and  highly  developed  in  bats  (suborder  Kicro- 
chiroptera)  and  toothed  whales  (Odontocet i ) .  Other  organisms  also  utilize 
echolocation  with  variable  degrees  of  sophistication.  Among  such  animals 
are  various  birds,  a  fish,  shrews,  and  possibly  rodents  and  pinnipeds  (seals). 
Only  cetacean  echolocation  is  of  certain  immediate  relevance  to  the  Coast 
Guard  and  thus  only  the  echolocation  of  toothed  whales  will  be  described  in 
detail  below.  The  other  echolocators  will  be  described  more  generally 
afterward. 

A. 5.1  Toothed  Whales  (Odontocet i ) 

The  production  of  a  focused  high  frequency  beam  of  sound  and 
sensitive  directional  hearing  are  the  elements  of  echolocation  with  which 
toothed  whales  can  discriminate  the  acoustic  reflectivity  of  objects  under 
water.  Toothed  whale  echolocation  will  be  reviewed  by  first  describing 
echolocation  capabilities,  then  pulse  production,  and  finally,  pulse 
reception. 


A. 5- 1.1  Capabi 1 i ties.  Dolphins  are  capable,  via  echolocation,  of 
determining  the  presence,  location,  size,  shape,  and  even  the  composition  of 
underwater  objects.  Examples  showing  the  extent  of  each  of  these  echolocation 
performance  dimensions  will  be  given  below  (see  Table  A. 5  also).  Range 
limitations,  which  ultimately  limit  all  echolocation  performance  dimensions 
will  also  be  noted.  Much  of  the  following  information  and  many  of  the 
references  cited  were  obtained  from  Animal  Sonar  Systems,  Jersey  Symposium, 

April,  1979.  which  provides  a  good  recent  review  of  Odontocete  echolocation 
capabi I i ties. 

An  example  of  the  Atlantic  Bottlenose  dolphin's  (Tursiops  truncatus) 
ability  to  locate  underwater  objects  is  its  ability  when  temporarily  blindfolded, 
to  detect  and  locate  a  floating  object  the  size  of  a  vitamin  capsule  across 
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a  large  enclosed  tank  (Johnson,  1967  ).  Other  examples  of  localization  are 
provided  by  obstacle  avoidance  experiments  (for  a  review,  see  Moore,  1979). 
Temporarily  blinded  Tursiops  truncatus  can  swim  iron  pipe  mazes  without 
making  contact  (Norris,  et.al.,  1961)  and  can  similarly  avoid  vertically  strung 
triangular  metal  poles  placed  less  than  three  meters  apart  (Kellog,  1958). 
Another  dolphin,  Phocoena  phocoena,  can  avoid  wires  of  copper,  iron,  and  steel 
as  small  as  ,35mm  in  diameter  (Busnel  and  Oziedzic,  1967)  and  another  species. 
Ini  a  geoffrensis,  has  also  been  shown  to  exhibit  similar  wire  avoidance 
capabi 1 i ties. 

There  are  a  variety  of  methods  for  measuring  performance  of  echolocation 
in  discriminating  the  size  of  objects.  Tursiops  truncatus  has  been  the  most 
studied  species  and  has  been  found  capable  of  detecting  small  size  differences 
in:  solid  metal  spheres  (Norris,  Evans,  and  Turner,  1967);  solid  cylinders 
(Evans,  1973),  (Ayrapet 'yants  and  Konstantinov,  1974);  and  planar  targets, 
including  circular  disks  and  squares  (Barta,  unpubl.).  Size  discrimination 
abilities  have  been  measured  from  a  variety  of  distances  using  a  variety  of 
target  shapes,  sizes,  and  materials.  The  ability  to  detect  the  thickness  of 
underwater  objects  has  also  been  measured  in  a  similar  variety  of  experimental 
situations  (i.e.,  planar  targets  of  different  thicknesses  were  studied  (Evans 
and  Powell,  1967);  as  were  hollow  cylinders  (Hammer,  1978),  (Titov,  1972); 
and  circular  disks  (Evans  and  Powell,  1967)).  This  variety  of  measurements 
has  yielded  a  corresponding  variety  of  threshold  data  (Table  A. 5)-  Generally, 
size  discrimination  depends  on  closeness  to  the  target,  target  size,  and  target 
material.  Size  discrimination  thresholds  of  5$  ■  10$  are  common.  (This 
percentage  difference  corresponds  to  a  variation  of  approximately  1  db  in 
target  strength,  see  Evans,  1973). 

Echolocation  performance  on  shape  has  also  been  tested  using  a  variety 
of  target  shapes,  materials,  and  distances.  Results  generally  demonstrate 
that  Tursiops  truncatus  can  resolve  small  (a  few  percent)  differences  in  target 
shapes,  even  if  target  orientations  are  altered  within  certain  limits.  These 
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echolocation  performance  experiments  on  shape  have  been  done  using:  planar 
targets  (Barta,  unpubl,),  (Bagdonas,  Bel'kovich,  and  Krushinskaya,  1970), 
(Bei'kotich  and  Dubfovskiy,  1976);  three  dimensional  pyramids  (Bel'kovich, 
et.al,  1969);  and  cubes  vs.  cylinders  (Murchison  and  Nachtigall,  1977), 
(Nachtigall,  Murchison,  and  Au,  1978).  Tursiops  truncatus  can  resolve 
different  planar  shapes,  two-dimensional  from  three-dimensional  shapes,  small 
proportional  changes  in  a  three-dimensional  shape,  horizontal  from  vertical 
cylinders,  and  cubes  from  cylinders  of  similar  reflectivity,  even  in  some 
altered  orientations. 

Echolocating  dolphins  can  distinguish  the  material  of  many  underwater 
objects.  Evans  and  Powell  showed  in  1967  that  Tursiops  truncatus  can  distinguish 
copper,  aluminum,  and  brass  plates  independent  of  the  amount  of  target 
reflectivity.  Much  Russian  research  in  this  area  has  tested  the  ability  of 
dolphins  to  discriminate  between  many  materials,  e.g.,  wood,  plastic,  glass, 
brass,  ebonite,  textolite,  f luroplastic,  lead,  steel,  duraluminum,  wax, 
parrafin,  rubber,  and  plexiglass.  All  of  these  discriminations  can  be  made 
except  for  glass-aluminum  (Hammer,  1978),  steel-duraluminum,  wax-rubber,  and 
wax-parraf in.  (For  reviews,  see  Ayrapet 'yants  and  Konstantinov,  197^,  or 
Bel'kovich  and  Dubrovski,  1976.)  Dolphins  probably  make  these  discriminations 
on  the  basis  of  the  acoustic  characteristics  of  the  positive  target  rather 
than  by  comparisons  (Hammer,  1978).  Once  again,  target  size  and  distance  to 
the  target  are  important  factors  in  material  recognition,  but  within  these 
limits,  most  materials  tested  have  been  discriminable  on  the  basis  of 
echolocation  alone. 

Maximum  detection  range  is  another  important  dimension  of  echolocation. 
As  an  indicator  of  this  ability,  Tursiops  truncatus  can  detect  a  three-inch 
diameter  water-filled  steel  ball  at  distances  of  over  120  meters.  In  a  shallow 
open  water  situation,  a  detection  range  for  three  types  of  steel  spheres  has 
been  measured  (Murchison,  1979  and  1980).  A  solid  steel  sphere  2.5^  cm.  in 
diameter  can  be  detected  up  to  72.3  meters  away.  Another  sphere  made  of 
hollow  stainless  steel  filled  with  water  and  7.62  cm.  in  diameter  was  detected 
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up  to  76.6  meters.  A  third  sphere  was  solid  steel,  6.35  cm.  in  diameter,  but 
tested  close  to  the  bottom  to  test  the  effect  of  bottom  proximity  on  detection 
range.  Results  showed  the  detection  range  was  cut  from  Ik  meters  to  70  meters 
by  moving  the  target  closer  to  the  bottom.  Field  reports  indicate  that 
dolphins  can  detect  very  large  reflective  targets  at  greater  distances,  for 
example,  the  bubbly  wake  of  a  tuna  purse  siener  is  apparently  detected  at 
about  H»0  meters  (Moore,  1979)-  Estimations  of  echolocation  range  on  very 
large  objects  (e.g.,  schools  of  fish)  indicate  that  echolocation  may  be  useful 
at  over  300  meters. 

Range  resolution,  i.e.,  the  ability  to  detect  small  differences  in  the 
distances  to  objects,  has  been  tested  (Murchison,  1 980) .  The  smallest  range 
difference  Tursiops  truncatus  can  resolve  using  two  7.62  cm.  diameter 
polyurethane  foam  spheres  at  about  1  meter  is  .9  cm.  This  range  resolution 
threshold  rises  to  1.5  cm.  at  3  meters  distance,  and  3  cm.  at  7  meters. 

Thus,  Tursiops  truncatus  can  resolve  small  range  differences,  but  this  ability 
decreased  with  increasing  distance  to  the  targets. 

Communicative  capabilities  of  echolocation  signals  have  been  repeatedly 
proposed,  but  as  yet  are  unsubstantiated  beyond  simple  communication  as  found 
in  other  mammals  (Bastian,  1967;  Evans  and  Bastian,  1969).  However,  dolphins 
are  capable  of  forming  "constancy"  as  previously  outlined  for  the  pigeon. 

Echolocation  is  apparently  widespread  in  toothed  whales  and  has  been 
definitely  established  in  seven  species.  The  baleen  whales  (Mysteceti)  do  not 
have  proven  echolocation  but  have  adapted  to  produce  and  receive  low  frequency 
sounds  over  hundreds  of  miles.  Such  sounds  have  been  recorded  from  finback, 
blue  and  grey  whales  (Thompson  and  Cummings,  1969;  Cummings  and  Thompson,  1970- 
These  sounds  are  very  loud  (88  db  re  1  bar  at  1  meter  for  blue  whale),  very 
long  (30  seconds),  and  range  in  frequency  from  .012  to  .2  KHz. 
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A. 5* 1.2  Pulse  Production.  The  mechanism  of  echolocation  will  be 
briefly  outlined  below,  starting  with  sound  production.  Sound  production  is 
accomplished  in  the  nasal  region  and  entails  several  adapations  to  ensure  a 
narrow  and  highly  directional  frontal  beam  of  high  frequency  sound  (Evans  and 
Haderson,  1973).  However,  the  mechanism  of  sound  production  and  directionality 
still  remains  unclear.  Although  strict  distinctions  cannot  be  made,  there  are 
two  functional  classes  of  sounds  produced.  The  first  class  of  sounds  are 
clicks  used  primarily  for  echolocation,  while  the  second  class  of  sound'? 
includes  a  v«  . iety  of  whistles,  squeals,  and  barks  used  primarily  for 
communication. 

Echolocation  clicks  are  brief,  broad  band  pulses  which  are  acoustically 
complex  and  repeated  rapidly  such  that  their  cumulative  audible  effect  is  a 
rasping  or  grating  sound.  These  pulses  have  species  specific  variations  in 
amplitude,  bandwidth,  and  frequencies  of  peak  energy.  Echolocation  pulses 
have  been  classified  on  the  basis  of  these  characteristics  with  partial 
success  (Evans,  1973).  The  repetition  rate  of  pulses  is  also  species  specific 
and  rates  of  up  to  1920  clicks/sec.  have  been  reported  (Norris,  et.al.,  1972). 
Finally,  there  is  evidence  that  individual  animals  can  vary  the  length, 
repetition  rate,  frequency  of  highest  energy,  and  direction  of  echolocation 
pulses  in  order  to  maximize  the  efficiency  of  the  echolocation  task  at  hand. 

Of  the  communication  sounds  used  by  toothed  whales,  the  whistles  are 
best  characterized.  They  are,  generally,  pure  tone  frequency  modulated  pulses 
of  extended  length,  containing  frequencies  from  2  KHz  to  20  KHz.  Usually, 
they  are  given  during  times  of  general  excitement  or  are  used  as  signals  for 
warning,  distress,  mating,  calling  young,  etc.  The  structure  of  whistles  can 
be  complex  and  has  been  hypothesized  to  carry  intelligent  information,  but 
there  is  little  evidence  supporting  this  idea. 

A. 5. 1.3  Pulse  Reception.  Sound  is  propagated  quickly  in  water,  and 
there  is  a  relatively  small  density  change  as  sound  enters  an  aquatic  animal's 


body.  Thus,  sound  reception  in  aquatic  organisms  may,  on  theoretical  grounds, 
be  excellent.  This  is  especially  true  in  toothed  whales  in  which  many 
adaptations  have  created  a  highly  directional  and  sensitive  auditory  mechanism 
which  functions  over  a  wide  frequency  range.  Specific  data  on  cetacean  auditory 
capabilities  were  given  in  Section  A. 4.  The  combination  of  this  sensitive, 
directional  (Bullock,  et.al.,  1968),  high  frequency  hearing  with  he  sound 
production  capabilities  previously  mentioned  has  created  an  ac'  jstic  sense 
which  can  function  under  conditions  which  render  vision  useless. 


A. 5. 2  Bats  and  Other  Echolocators 

There  are  two  suborders  of  Chiroptera  (bats),  the  Megachi roptera  and 
Microchi roptera.  Megachi ropterans  are  large,  have  good  eyesight,  and  eat 
fruits.  Only  one  megachi ropte ran  genus  (Rousetlus)  echolocates.  It  produces 
broadband  echolocation  sounds  by  tongue  clicking,  a  unique  characteristic 
among  bats.  Many  microchi ropterans  use  echolocation  for  a  variety  of 
functions.  Microchi ropterans  are  nocturnal,  small  and  maneuverable,  and 
their  echolocation  allows  determination  of  the  direction,  distance,  velocity, 
size,  shape,  and  nature  of  objects  in  the  air.  Accurate  directionality  is 
exemplified  by  the  capture  of  1mm.  mosquitos  commonly  accomplished  by  many 
species.  An  example  of  distance  discrimination  is  the  ability  of  Eptesi^.us 
to  discriminate  58.5  cm.  from  60  cm.  distc.ices.  Examples  of  the  threshold  of 
discrimination  are  bats  of  the  family  Vesperti 1 ionidae,  detecting  vertically 
strung  .5mm  diameter  wires  at  2  meters  by  echolocation,  and  horseshoe  bats 
similarly  avoiding  .08mm  wires  in  complete  darkness  (Ai rapet 'yants  and 
Konstantinov,  1973).  Another  noteworthy  example  is  Noctilio  leporinus  which 
can  catch  fish  near  the  surface  of  ponds  possibly  utilizing  echolocation  at 
very  short  range  under  water  (Bloedel ,  1955).  Bats  are  also  capable  of  over¬ 
coming  large  amounts  of  ambient  noise  as  typically  occurs  when  they 
discriminate  small  insects  among  other  echolocating  bats  or  near  large  and 
reflective  background  objects. 


Echolocation  pulses  consist  of  brief.  Intense  chirps,  most  commonly 
produced  in  the  larynx,  ranging  in  frequency  from  12  KHz  to  as  high  as  260  KHz 
(Griffin,  1958).  High  output  frequencies  allow  reflection  off  of  small  objects 
and  therefore,  increased  discrimination,  but  concurrently  decrease  the 
effective  range  of  the  system.  The  design  and  repetition  rate  of  output 
sound  pulses  are  altered  during  cruising,  pursuit,  landing  and  obstacle 
evasion  and  also  vary  with  the  family  and  species,  as  is  true  also  in  the 
toothed  whales. 

Reception  of  echolocation  signals  is  facilitated  by  sensitivity  to 
frequencies  from  1  KHz  to  over  1 50  KHz  and  excellent  recovery  time  and  temporal 
resolution  capabilities. 

The  oil  bird  (Steatornis  caprlpensis)  and  two  species  of  the  swift 
genus  Col  local ia  use  echolocation  to  allow  obstacle  evasion  and  orientation 
in  the  complete  darkness  of  caves  in  which  they  nest.  Bird  echolocation  is 
crude  relative  to  dolphins  and  bats.  Longer  pulses  (1-6  msec.)  of  lower 
frequency  sound  (4-7  KHz)  are  repeated  relatively  slowly  (5"IO/sec.)  in  order 
to  avoid  large  obstacles  (Novick,  1959;  Arapet'yants  and  Konstantinov,  1973). 

Rodents  perce* ve  ultrasounds  and  some  have  been  demonstrated  to 
employ  at  least  a  crude  echolocation  sense  to  orient  in  darkness  (Rosenzwieo, 
et.al.,  1955;  Riley  and  Rosenzwieg,  1957).  Insectivores,  i.e.,  shrews  and  the 
Tenrec,  have  also  been  shown  to  possess  echolocation.  Pulses  of  5”30  msec. 

2 

duration  with  frequencies  from  30  to  60  KHz  and  intensity  of  up  to  .14  dyne/cm 
at  7  cm.  are  used  for  low  resolution  and  highly  local  object  detection.  Seals 
and  sea  lions  have  also  been  hypothesized  as  echolocators  (Poulter,  1966),  but 
little  evidence  for  this  has  been  produced.  Even  a  sea  catfish,  Arius  felis, 
has  been  found  to  possess  a  rudimentary  acoustic  orientation  ability 
(Tavolga,  1977). 
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Overall,  the  range  of  natural  echolocation  systems  Is  relatively 
short  relative  to  man-made  radars  and  sonars,  but  resolution  Is  suprlslngly 
good.  Animal  systems  also  resist  interference  by  noise  very  well  and  can 
be  trained  to  indicate  the  results  of  an  echolocation  task  with  ar  appropriate 
response. 


Table  A. 5  Discrimination  Capabilities  and  Sound  Output  Characteristics  of  Echolocating  Animal  Groups. 


NOTE:  All  species  reject  noise  well  and  therefore  aren’t  easily  “jammed 
All  miorochi roptera  have  high  temporal  resolution. 


Cetacean  Echolocation  Capabilities  on  Size,  Shape  and  Material 
(taken  from  Nachtigal l ,  1980) 


Tabie  A.  5  (Cont'd).  Size  Discrimination 


Table  A. 5  (Cont'd).  Size  Discrimination 
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Table  A. 5  Materials  Discrimination 
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Table  A. 5  continued 
Other  Organisms 


GROUP 

PULSE 

DURATION 

PULSE 

FREQUENCY 

RANGE 

PULSE 

RATE 

PULSE 

INTENSITY 

ECHOLOCATION 

CAPABILITY 

Birds  (JjS) 

Steatornis 
capri pens  is 
(Tri nidad  Oi 1- 
bird) 

1  msec. 

7  KHz 

In  groups  of 
2-6  wi th 
2.5msec.  quiet 
intervals 

... 

Audible  at 

200  meters 

Simple  obstacle 
avoidance  and 
visual  backup 
system. 

genus 

Col  local ia 

©  © 

2-6  msec. 

4-5  KHz 
fundamental 
w/overtones 
<  20  KHz 

5-10/sec. 

Obstacle 
avoidance  in 
dark  caves. 

Shrews 
qenus  Sorek 

©  © 

5~ 35  msec. 

30-60  KHz 

\ 

.02-. 14 
dynes/cm2“ ' 

7cm  from 
mouth 

Low  resolution 
and  highly 

I  oca  1 i zed . 

dote:  Rodents  have  been  hypothesized  as  echolocators  because  of  excellent  high  frequency 

hearing,  but  no  solid  evidence  for  this  exists.  Echolocation  may  occur  by  reception 
of  echoes  of  randomly  produced  scratching  and  scuffling.  Some  behavioral  evidence 
exists  for  this  in  voles  and  laboratory  rats. 


RODENT  AUDITION  0  ®  RODENT  SOUND  PRODUCTION 

■  ■  ■■  ■  ■  —  ■  II  iV  llV^  ■■  '■  |  ■  .  »—  ■—  ■  ■  —  I'  —  . . . .  ■■■ - 


GROUP 

FREQUENCY 

RANGE 

THRESHOLD 

GROUP 

FREQUENCY 

RANGE 

Housemouse 

up  to  100  KHz 

10-20  dB  at 

20  KHz  +  60  KHz 

(b i moda 1 ) 

Red  backed  vole 

15.5  KHz 

\ 

Guinea  pig 
Red  backed 
vole 

up  to  50  KHz 

Housemouse  and 
Field  House 
young  J 

72-74  KHz 

Golden  Hamster 

up  to  23  KHz 

Note:  The  Sea  catfish  Ar i us  fe 1  i  s  is  capable  of  rudimentary  acoustic  orientation. 
Seals  and  Penguins  are  also  suggested  possibilities. 
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TACTILE  SENSITIVITY  IN  SELECTED  ANIMAL  GROUPS 


A. 6 

The  tactile  senses  are  potentially  important  because  of  their 
accessory  role  in  a  variety  of  important  tasks  animals  may  be  required  to 
perform.  Therefore,  tactile  senses  will  be  described  here  in  general  terms 
to  give  an  idea  of  the  relative  tactile  abilities  of  animals.  Little 
quantitative  data  have  been  obtained  on  tactile  sensitivities,  partially 
due  to  difficulties  in  quantifying  and  standardizing  stimuli  for  the  wide 
variety  of  receptor  types  that  exist.  Examples  of  some  organisms  with 
exceptional  tactile  capabilities  are  given  in  Table  A. 6. 

Three  basic  types  of  receptors  and  their  appropriate  stimuli  are: 
cutaneous  exteroreceptors  which  detect  tactile  information,  usually  by  pressure  or 
motion;  i nteroreceptors  which  detect  motion  or  mechanical  changes  in  internal 
organs;  and  proprioceptors  which  detect  the  positions  of  muscles,  tendons,  and 
joints.  These  sensitivities  have  been  studied  in  humans  and  a  few  vertebrate 
laboratory  animals,  but,  unfortunately,  have  been  little  studied  in  invertebrates. 

Despite  the  lack  of  precise  data,  it  is  known  that  invertebrates  from 
the  phylogenetic  level  of  protezoans  and  higher  show  behavioral  responses  to 
minute  tactile  stimuli.  Invertebrate  groups  with  exceptional  sensitivity  are 
the  jellyfish  and  anemonies,  a  few  flatworms,  nudibranchs,  and  protezoans; 
their  tactile  sensitivity  being  behaviorally  indicated  by  the  discharge  of 
nematocysts.  Echinoderms  (starfish  and  sea  urchins)  and  Mollusks  (octopi, 
snails  and  squids)  employ  excellent  tactile  sensitivity  associated  with  and 
indicated  by  their  complex  body  movements.  Amor<;  the  Arthropods,  there  are 
also  many  examples  of  good  tactile  sensitivity  such  as  Crustaceans  (e.g., 
lobsters)  and  Arachinids  (spiders).  Insects  possess  a  variety  of  tactile 
sensory  appendages  and  are  thus  acutely  sensitive  to  tactile  changes  in  the 
near  field.  For  example,  honeybee  behavior  ranging  from  trancelike  immobility 
to  hive  defense  is  partially  dependent  on  the  frequency  of  hive  vibrations. 

Unique  tactile  receptors  called  subgenual  organs  exist  in  many  insects  and 

are  sensitive  to  substratum  vibrations  with  amplitudes  100  times  smaller  than 

the  smallest  detectable  amplitudes  in  the  human  eardrum  (Richard  and  Davies,  1977)* 
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Tactile  senses  have  been  more  thoroughly  studied  in  vertebrates, 
especially  humans.  Generalizations  about  tactile  sensitivity  can  be  extended 
from  man  to  other  vertebrates  (particularly  mammals)  on  the  basis  of 
similarities  in  anatomy  and  behavior.  There  are,  however,  unique  tactile 
sensitivities  in  each  class  of  vertebrates,  as  is  exemplified  by  substrate 
vibration  sensitivity  in  salamanders  and  snakes  (Smith,  1968;  Hartline,  1971). 
The  more  common  tactile  receptor  types  will  be  described  briefly  below. 

Internal  tactile  senses  (interoreceptors  and  proprioceptors)  detect 
the  movement  and  status  of  internal  organs,  joint  and  tendon  positions,  and 
muscle  position  and  tension.  For  an  example,  see  Table  A. 6. 

Cutaneous  receptors  (tactile  receptors  located  in  the  skin)  are  varied 
in  structure  but  can  be  divided  into  two  functionally  distinct  categories: 

*•  '  st,  mechanoreceptors ,  which  are  concerned  with  perception  of  nondamaging 
i.  .nanical  disturbances,  and  second,  nociceptors  whichare  concerned  with 
p  . ception  of  potentially  damaging  stimuli,  i.e.,  pain.  Pain  has  been  studied 
in  carnivores  and  primates  and  its  presence  in  other  vertebrate  classes 
(exc  iding  Elasmobranchi i )  can  be  assumed  on  the  basis  of  behavior  (Burgess 
and  °earl ,  1973).  Mechanoreceptors  can  be  further  subdivided  into  those 
occurring  in  hairless  skin  and  those  occurring  in  hairy  skin.  Mechanoreceptors 
occurring  in  hai rless  skin  have  been  studied  in  humans,  cats,  racoons,  and 
primates.  They  occur  densely  in  the  foot  and  toe  pads  of  cats,  the  snout  and 
palms  of  racoons  and  the  hands  and  feet  of  primates.  These  pressure  and 
movement  sensitive  mechanoreceptors  are  what  is  commonly  labeled  the  "sense 
of  touch."  Such  sensitivity  is  functionally  similar  in  all  organisms 
studied.  Mechanoreceptors  in  hairy  skin  provide  four  types  of  tactile 
information:  position  of  hairs,  velocity  of  hair  movement,  direction  of 
movement,  and  transient  movements.  Examples  of  mechanoreceptors  in  hairy  skin 
are  vibrassae,  the  long  thick  hairs  on  the  nose,  mouth  and  wrists  of  the 
fore  limb  of  cats,  the  nose  of  rodents,  the  mouth  of  dogs,  and  the  fingers  of 
primates.  Vibrasses  (and  sinus  hairs)  convey  information  about  their  position, 
velocity  and  direction.  Similar  information  is  detected  by  receptors  occurring 
in  and  around  the  teeth  and  claws  of  cats  (Burgess  and  Pearl,  1973). 
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In  summary,  although  direct  comparisons  are  difficult  to  make, 
tactile  sensitivity  is  relatively  good  in  invertebrates,  even  those 
very  low  on  the  phylogenetic  scale.  Among  higher  organisms,  most 
vertebrates,  especially  mammals,  are  very  similar  to  humans  as  far 
as  is  known.  Finally,  it  is  important  to  note  that  adaptation  seems 
to  be  universal  with  respect  to  tactile  senses.  Rapid  tactile  adaptation 
allows  the  elimination  of  tactile  "noise"  so  that  the  resolution  of 
relatively  small,  but  significantly  different,  stimuli  is  possible. 
However,  this  resolution  is  achieved  at  the  cost  of  rapid  loss  of 
perception  of  all  constant  stimuli. 
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Table  A. 6  Tactile  Sensitivities  as  Measured  in  Selected  Animal  Groups 


ORGANISM 

FREQUENCY 

THRESHOLD 

Coelenterata  anentonies 

Reflex  to  light  touch  t  chemicals 

Crusteceans,  e.g.,  Lobster 

Slight  touch  results  in  tail  flip 
ref  1  ex 

Snails  and  octopus 

Circle  vs.  Cube  6  Grooved  vs. 
Smooth  objects.  Sensitive  to 
texture  differences 

Insects 

1-5  KHz 

O 

0.01  to  10.0  A  substrate 
vi brat  ion 

Rept i les  -  skink  (2) 

300-700  Hz 

51*  dB  (re:  2  x  10"^  dynes/cm2) 

snake 

ear  50-500  Hz 
skin  500  >1000  Hz 

1  &  at  300  Hz  #  1  both  better 

(20  dB  re:  1.0  A  p-p)  1  than  man 

J  <1000  Hz. 

Mamma  1 s 

joint  movement 

at  10°/min 

0.2°  hip  movement 

pain  receptors 

multimodal  receptors 

at  level  of  potential  damage 

mechanoreceptors 
transient 
sensi t i vi ty : 

vibrassae  (in 
cats,  primates, 
rodents,  etc.) 

few  to  few  hundred  Hz 

e.g.,  5-1 5M  skin  movement  in 
cat  is  exceptionally  detectable 
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ELECTRORECEPTION  AND  MAGNETIC  FIELD  SENSITIVITY  IN  SELECTED  ANIMAL 
GROUPS 


A. 7 


Organs  for  detecting  electric  and  magnetic  fields  have  evolved  in 
a  ‘'ariety  of  animals  from  bacteria  to  birds.  Electroreception  can  be  con¬ 
veniently  divided  on  a  functional  basis  into  two  categories,  passive  and 
active  electroreception,  (Bullock,  197*0  •  Passive  electroreception  involves 
detection  of  electric  fields  produced  by  external  sources  as  when  a  shark 
detects  its  prey  via  prey-produced  electric  fields,  (Kalmijn,  1971).  Active 
electroreception  is  more  complex  and  occurs,  like  passive  electroreception, 
in  aquatic  environments  where  vision  plays  a  minor  role.  In  an  active 
electroreception  system  the  organism  not  only  perceives  the  electric  field, 
but  also  produces  the  field  it  perceives.  Such  a  fish  produces  a  pulsating 
electric  field  with  specialized  electric  organs  and  detects  distortions  in 
that  electric  field  by  specialized  receptors.  These  detected  distortions 
can  indicate  the  presence  and  identity  of  nearby  animals  and  other  objects, 
especially  objects  with  conductance  different  than  water,  (Lissman  1958, 

1963  and  Bullock,  1 971*) .  The  system  can  be  envisioned  as  a  sort  of  "electrical 
sonar"  for  which  there  are  certainly  bionics  applications.  Note  that  in 
Table  A. 7  some  eels  and  catfish  are  capable  of  producing  high  voltages 
utilized  for  stunning  prey  and  discouraging  predators,  but  this  "shocking" 
capability  is  independent  of  electroreception  capabilities. 

Magnetic  field  sensitivity  can  be  divided  into  three  categories  on 
the  basis  of  the  mechanism  by  which  the  magnetic  field  is  detected.  The 
first  category  is  electromagnetic  transduction.  If  a  conductor  is  moved  thru 
a  magnetic  field  a  current  is  induced  in  that  conductor.  Thus  a  shark 
(a  conductor)  moving  through  the  earth's  magnetic  lines  of  force  will  induce 
an  electric  current  iii  its  body  which  can  be  detected  by  the  passive 
electrosensitivity  mentioned  above,  (Kalmijn,  1978).  Thus  electrosensitivity 
allows  magnetic  sensitivity,  i .e. ,  electromagnetic  transduction.  The 
second  category  involves  direct  magnetic  sensitivity  in  which  iron  granules 
in  the  animals  body  respond  to  the  magnetic  field  and  somehow  the  animal 
detects  that  response  and  thus  senses  compass  direction,  (Kalmijn,  1977). 
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Bacter!at  Insects  and  snails  utilize  direct  magnetic  sensitivity  for  orienta¬ 
tion.  The  third  category  of  magnetosensitivity  contains  those  systems  for 
which  there  are  no  known  mechanisms  as  in  the  magnetosensitivity  of  homing 
pigeons  and  possibly  green  sea  turtles,  (Fisher,  1979). 

Elasmobranchs  (especially  sharks)  are  potentially  useful  animals 
for  several  reasons;  their  presence  has  strong  psychological  effects,  some 
types  of  behavior  can  be  readily  controlled,  they  can  be  highly  aggressive 
if  so  motivated  and  they  posses  exceptional  chemorecept ion  and  electrorecep¬ 
tion.  Because  of  this  potential  usefulness,  shark  electroorientation  capabilities 
will  be  discussed  in  greater  detail  below.  Other  animals  with  electric  and 
magnetic  capabilities  will  be  mentioned  in  a  more  general  way  in  Section  A. 7. 2. 

A. 7.1  Sharks,  Skates  and  Rays  ( Elaamobt'cmchii ) 

Sharks  possess  extremely  sensitive  passive  electroreception  with 
which  they  can  detect  slowly  oscillating  electric  fields  of  as  little  as 
.01  ^v./cm.  D.C.  fields  and  strong  electrical  stimuli  cannot  be  detected. 
Typically  prey  animals  produce  bioelectric  fields  of  threshold  magnitude 
within  25  cm.,  and  will  produce  osmotic  electric  fields  detectable  at  over 
a  meter,  if  their  skin  is  damaged,  (Kalmijn,  1970-  By  extrapolation  a 
shark's  electrosensitivity  is  the  equivalent  of  detecting  a  flashlight 
battery  at  1000  Km.,  but  the  system  is  noise  limited  in  reality  and  functions 
within  a  range  normally  under  one  meter  on  local  extremely  weak  fields. 

The  sharks  own  electrical  activity  in  muscle  and  nerve,  worldwide  lightning, 
solar  storms,  ionosphere  fluctuations,  current  and  temperature  effects  and 
chemical  transductions  are  a  few  of  the  electrical  sources  that  produce 
"noise"  well  above  electrical  threshold  levels  and  thus  limit  the  range 
of  the  system,  (Kalmijn,  197J0- 

Electrosens i t i vi ty  is  utilized  to  detect  visually  and  chemically 
hidden  prey  animals  but  it  is  also  sensitive  enough  to  respond  to  many 
other  potentially  useful  environmental  cues.  Such  stimuli  within  the  thres¬ 
hold  range  include  fluid  bl  layers  at  current  boundaries,  thermoclines  or 
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sol  ini ty  and  chemical  changes  in  water  bodies,  etc.  Thus, by  electrical  trans¬ 
duction  this  information  may  be  made  available  to  the  shark,  (Schwassmann , 
1978). 


Sharks  also  possess  a  magnetic  sensitivity  facilitated  by  the 
electromagnetic  transduction  described  above.  This  electromagnetic  trans¬ 
duction  can  only  occur  if  the  shark  is  moving  at  a  rate  of  at  least  2.5 
cm. /sec.,  (Aekov  and  llyinski,  1976).  Thus,  if  they  are  allowed  to  move, 
sharks  and  rays  can  be  trained  to  choose  among  food  boxes  on  the  basis  of 
the  ambient  magnetic  field,  (Kalmijn,  1978).  In  addition  to  sensing  compass 
direction,  it  is  probable  that  sharks  can  detect  the  latitude  of  their 
location  by  the  verticle  component  of  the  earths  magnetic  lines  of  force. 

This  capability  would  be  useful  in  long  distance  migration.  In  summary, 
sharks  can  determine  which  direction  they  are  moving  and  how  fast  and 
probably  the  latitude  of  their  location.  It  is  also  likely  that  they  can 
choose  currents  to  aid  in  migration,  can  orient  with  respect  to  magnetic 
anomalies  such  as  ore  bodies  in  the  sea  floor,  and  can  utilize  a  variety 
of  other  environmental  information  provided  by  electrical  transductions. 

A. 7.2  Other  Magnetic  and  Electrical  Capabilities 

Electrical  and  magnetic  detection  capabilities  are  surprisingly  wide¬ 
spread  as  can  be  seen  in  Table  A. 7.  Magnetic  field  sensitivity  has  been 
discovered  In  bacteria,  (Kalmijn,  1977);  insects,  (Von  Frisch,  195**  and 
Becker,  1963);  snails,  (Brown,  1963);  and  probably  in  the  pigeon  and  green 
sea  turtle,  (Fisher,  1979).  Sensitivity  to  electric  fields  has  been  dis¬ 
covered  in  protists,  (Collias,  1980);  flatworms,  (Brown,  1963);  and  some 
fish,  (Szabo,  197**).  Active  electroreception  has  been  found  in  African  and 
South  American  fresh  water  fish,  (Murray,  197**)-  Details  of  active  electro¬ 
reception  capabilities  and  mechanism  can  be  found  in  Table  A. 7  under 
Gymnarchus  and  Gymnotus. 
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Table  A. 7.  Parameters  of  Electroreception,  Electroproduction,  and  Magnetic  Field 
Sensitivity  in  Selected  Animal  Groups 


GROUP 


STIMULUS 


THRESHOLD 

SENSITIVITY 


BIOLOGICAL 

ROLES 


RECEPTOR 

ORGANS 


Marine  and  membrane 

bacteria  earth  magnetic  field  <earth  strength  orientation?  mechanism? 


Protist  -  v  electric  current 
parameci urn 


electric  current 


Bees  Q)  magnetic  field 

&  probably  other 
insects  also 


Snails  (j±)  magnetic  field 

(land  snai is) 


a  few  volts  sensitive  to 

di rect ion 


Sharks,  skates,  fluid  bi layer  current 
&  rays,  e.g., 

dogfish  shark  Any  low  frequency 

^  (Th  (°-,°  oscillating 

V  electric  current,  e.g. 

prey  osmotic  or  bio 
electric  fields 


dogfish  shark 

®  ©  (D© 
©  ©  ©  © 
©  ©©© 


Passive  and  active 
electrotransduction  of 
magnetic  fields 


also  magnetic  anomalies 


active  electror ientation  in  mVolt  range 


6  shocking  capability  550  -  600  Volts 


South  American  self  produced  osc  i  1  -  4,5  volt  field 

Knife  Fish,  e.g.  lating  electric  field  between  head  6  ta 

Gymnotus  F,  perturbations  in  that  few  Hz  to  600  Hz- 

field,  i.e.,  an  electric  detects  Aed 

analogue  to  echo-  conductance  in 

location  field 


navigation  6 
or i entat i on 

i ron  granules 
present? 

unknown 

iron  granules 
present 

or ientat ion 

Ampul lae  of 
Lorenzi ni 

prey  detection, 
local izat ion  £ 
i dent i fi cat  ion 

II  II 

mi grat i on , 
navi  gat i on 
or i entat i on 

(1  II 

local 

orientation 

It  It 

detect  objects 

produces  and 

stun  prey  6 
predators 

receives  small 
modulat i ng 
vol tage  w/ 
spec ia 1 i zed 
organs 

detection  of 
nearby  objects 

90  serial 
e lectrocy tes 
produce  poten¬ 
tial  .  Ampul  - 
lary  organs 
receive  signal. 

Table  A. 7  continued 


GROUP 

STIMULUS 

THRESHOLD 

SENSITIVITY 

BIOLOGICAL 

ROLES 

RECEPTOR 

ORGANS 

African  Knife 
fish  Gymnarchus 

active  electro¬ 
orientation 

3-6  ft.  detects 
metal  or  glass  rod 
2mm  diameter  -  a 
change  of  .  0 3  /i  V / 
cm.  is  detectable, 
-material  of 
object  also 
di scernable 

detection  of 
nearby  objects 

serial  electro¬ 
lytes  produce 
currents  - 
Ampul lary 
receptors 
receive  them 

Tunas 

electric  fields 

large  £  variable 
frequency 

tunas  swim 
into  it 

Electric 

Catf i sh 

-not  stimulus  - 

del i vers  an  electric 

shock 

350  volt  shock 
del i verable 

stun  predators 
and  prey 

Trout  and 
salmon 

electric  field 

detect  £  avoid 
large  electric 
fields 

Repti les 

e.g.,  Green  Sea 
Turtle 

magnetic  field? 

<earth  strength 

migration? 

Birds  (IT) 
Pigeons 

magnetic  field 

earth  strength 

homi ng 

membrane 
mechanism  or 
i ron  granules 
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A. 8  MISCELLANEOUS  CAPABILITIES  AND  CHARACTERISTICS 

Some  potentially  useful  capabilities  and  characteristics  of  animals 
cannot  be  classified  under  a  specific  sensory  modality  and  thus  will  be 
mentioned  in  this  section.  The  characteristics  of  animals  to  be  described 
may  be  useful  through  supplementation  of  another  capability  or  simply 
may  provide  a  behavior  or  physiological  characteristic  that  could  prove 
useful  in  certain  situations. 

A. 8.1  Miscellaneous  Capabilities  in  Selected  Animal  Groups 

The  diving  capabilities  of  animals  may  be  useful  to  the  Coast  Guard. 

A  variety  of  organisms  can  dive  or  withstand  diving  stresses.  Examples  are 
arthropods  (e.g.,  lobster),  the  octopus,  fish,  sea  turtles,  birds,  and 
marine  mammals.  Birds  and  marine  mammals  are  of  particular  interest  because 
they  can  be  trained  to  perform  complex  tasks;  however,  these  animals  are 
also  limited  by  the  necessity  of  breathing  air.  The  arthropods  and  the 
octopus  are  relatively  depth  insensitive  but  are  more  difficult  to  train. 

The  diving  capability  of  fish  is  limited  by  the  presence  of  a  swimbladder 
which  regulates  bouyancy  but  limits  maximum  depths  and  the  rate  of  depth 
change.  Sharks,  tunas,  and  other  fish  without  swimbladders  are  thus 
relatively  insensitive  to  depth. 

Marine  mammals'  diving  capability  is  of  particular  interest.  Many 
adaptations  have  occurred  in  marine  mammals  to  overcome  nitrogen  narcosis, 
the  bends,  thermoregulation  problems,  pressure  problems,  and  the  need  for 
oxygen  (Alexander,  1975).  Seals  and  sea  lions  are  generally  capable  of 
relatively  long  dives  to  moderate  depths.  The  deepest  and  longest  pinniped 
dive  measured  thus  far  was  accomplished  by  the  Weddell  seal  (Leptonychotes 
weddel 1 i ) .  This  large  antarctic  seal  is  capable  of  dives  in  icy  water  up 
to  sixty  minutes  long  with  a  maximum  recorded  depth  of  600  meters.  California 
sea  lions  are  somewhat  less  spectacular,  with  dives  on  command  to  over  200 
meters.  The  harbor  seal  will  also  dive  to  over  200-meter  depths  and  is 
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capable;  of  staying  down  up  to  28  minutes.  However,  most  pinnipeds  are 
capable  of  dives  about  fifteen  minutes  long  and  normally  descend  to  depths 
of  only  about  100  maters  (Harrison,  et.al.,  1968). 

Cetaceans  are  generally  stronger  swimmers  and  capable  of  deeper 
diving  (Wood,  1973).  Swimming  strength  is  reflected  in  speeds  obtained 
by  some  dolphins.  The  spotted  dolphin  has  been  clocked  at  25  m.p.h.  after 
a  two-second  acceleration.  Tursiops  has  been  clocked  close  to  20  m.p.h. 

Some  examples  of  depth  and  endurance  in  diving  by  cetaceans  are  given 
below.  Pacific  bottlenose  dolphins  (Turs  iops  gi 1 1 i )  have  been  trained  to 
dive,  and  in  one  test  an  individual  made  nine  dives  in  sixty  minutes  to 
depths  between  680  and  1000  feet  with  the  longest  dive  being  4-3M  minutes 
long.  The  maximum  depth  recorded  for  Tursiops  g? 1 1 i  was  1700  feet 
(Linehan,  1979,  N0SC  deep  dive  program).  The  Pacific  white  sided  dolphin 
will  also  dive  to  over  200  mete's.  Dalis  porpoise  (Phocoenoidt  )  can  dive 
faster  and  deeper,  but  they  are  fragile  and  difficult  to  maintain  in  captivity. 
Pilot  whales  are  relatively  easy  to  maintain  in  captivity  and  can  dive  to 
1650  feet.  Physter ,  a  sperm  whale,  can  dive  for  over  an  hour  and  reach 
depths  of  1000  meters.  Some  whales  can  dive  even  longer;  for  example, 
Hyperoodon  .  the  bottlenosed  whale,  can  dive  for  over  two  hours. 


Diving  birds  include  the  cormorants,  grebes,  diving  ducks,  pelicans, 
and  ospereys  (Welty,  1975).  They  are  interesting  because  of  the  great 
mobility  provided  by  flight  combined  with  somewhat  limited  diving  capabilities. 
Cormorants  and  grebes  can  see  well  under  water  and  are  fast  and  maneuverable 
enough  to  actively  pursue  and  catch  fish.  The  maximum  diving  ability  in 
birds  is  achieved  by  the  emperor  penguin,  a  flightless  species.  This  bird, 
on  one  dive,  reached  a  depth  of  265  meters  and  stayed  down  eighteen  minutes. 

Another  noteworthy  capability  of  animals  is  their  ability  to  carry 
loads.  Data  is  given  here  on  a  few  potentially  useful  animals.  Pigeons  can 
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carry  a  twenty-gram  package,  and  the  larger  turkey  vulture  can  carry  either 
250  grams  externally  or  160  grams  surgically  implanted  inside  the  body  wall. 
The  crow,  an  intelligent,  easily  trained  intermediate  sized  bird,  can  carry 
a  100-gram  package  or  90  grams  implanted  in  the  body  wall.  Pigs  can  carry  a 
20-25  pound  load  in  the  abdomen  with  little  discomfort.  Dogs  can  also  carry 
substantial  loads,  the  actual  amount,  of  course,  depending  on  the  breed. 

Load  carrying  capabilities  in  marine  mammals  are  limited  by  drag  rather  than 
weight,  since  drag  can  significantly  affect  efficient  swimming  and  thus  limit 
the  depth  and  endurance  of  the  animal. 

A. 8. 2  Miscellaneous  Characteristics  in  Selected  Animal  Groups 

"N 

Some  potentially  useful  physiological  and  behavioral  characteristics 
of  animals  are  noted  below. 

Territoriality  is  a  very  common  behavioral  characteristic  in  many 
vertebrates  and  is  often  accompanied  by  highly  aggressive  behavior  and 
conspicuous  displays  (Howell,  1979).  If  areas  to  be  guarded  could  be  made  to 
correspond  to  territorial  boundaries,  the  detection  and  guarding  functions  of 
animals  could  be  greatly  enhanced. 

Hibernation  is  an  adaptation  for  heat  and  energy  conservation  in 
bats,  rodents,  and  a  few  small  birds.  Such  a  quality  could  be  useful  in 
systems  with  long  periods  of  latency  and  occasional  predictable  use.  An 
animal  can  lie  dormant  with  little  upkeep  for  long  periods  and  then  be 
aroused  to  perform  a  function. 

Imprinting  is  a  type  of  learning  characterized  by  its  permanence 
and  i rreversabi 1 i ty  once  achieved,  and  the  sensitivity  to  imprinting  occurring 
only  during  an  early  sensitive  period  of  the  animal's  life  cycle.  Many 
animals,  notably  birds,  can  be  imprinted  on  home  sites,  parents,  food, 
species  recognition,  etc.  (Col  lias,  1980). 
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A  potentially  useful  physiological  mechanism  is  the  use  of  hormones, 
pheromones,  or  drugs  to  induce  a  "primered"  or  ready  state  to  perform  certain 
behaviors.  For  example,  hormonal  injections  can  increase  or  decrease 
aggressiveness  and  territoriality  or  induce  migrations  in  migratory  species,  etc. 

Finally,  high  levels  of  genetic  variability  and  rapid  generation  time 
make  insects  and  bacteria  good  candidates  for  selective  breeding.  Genetic 
selection  can  be  done  on  any  heritable  character  including  behavior,  physiology, 
sensory  ability,  etc.  (Manning,  1961;  Benzer,  1973).  This  selection  is 
most  easily  and  rapidly  achieved  if  a  quantitative  change  in  an  already 
present  characteristic  is  selected  (Kikuchi,  1973;  Wright,  1976;  Manning,  1979). 
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